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Polymorphism in the protein C 
gene detected by denaturing 
gradient gel electrophoresis 

S.Gandrille and M.AIach 

Faculty des Sciences Pharmaceutiques et Bidogques 
Paris V, Paris, France 

Description: Exon VIII of the protein C gene ( 1) was amplificd 
using 5'-(G/C) w -ATATGAAACCAGGTGCCCT-3 and 5 -T- 
CCCCCTACCCAGGCCTCTG-3' as the 5' and 3' primers 
respectively. The upstream primer had added at its 5'-end a 50 
nucleotide^} + C rich region designed with a computer program 
in order to create a higher melting temperature d°™m/rhis 
allowed the analysis of a domain comprising the whole exon and 
its exon/intron junctions by Denaturing Gradient Gel 
Electrophoresis (DGGE). 

This amplified 296 bp fragment corresponds to nucleotides 
7063 to 7308 (numbering as in ref. 2) of the DNA sequence of 

*Tte anSSied fragment was submitted to DGGE on a 30-80% 
gradient of denaturing agents (100%-7M urea and 40% 
formamide in TAE buffer) at 160 Volts for 5 hours. 
Polymorphism: As demonstrated in figure 1 we *J*^» 
allele polymorphism. Direct sequencing of the PCR produrt 
obtained after asymmetric PCR showed the presence of a T (Fl) 
or a C (F2) at nucleotide 7228 in codon corresponding to Asp 
214 of the mature PC. 

Frequency. We tested 76 unrelated individuals The 7228 T (Fl) 
allele hasa frequency of 64% and the 7228 C (F2 allele : of 36% . 
The observed heterozygosity is of 49%. The calculated PIC = 

0-35- ... 
Chromosomal Localization: PROC has been localized to 
2ql3-q21 (3-5) by in situ hybridization. 
Mendelian Inheritance: Co-dominant segregation demonstrated 
in 6 families (33 individuals). 

Clinical Relemnce: Segregation studies in families with PC 
deficiency associated with thrombotic complications. 
Acknowledgements: This work was supported by a research 
fe Sp from La Fondation pour la Recherche mejcale and 
by a grant from P Association Franca.se contre les Myopathies^ 
We wish to thank the doctors Lerman and S.lverstein who kindly 
provided us the computer program. 
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A sequence polymorphism in the 
human peripherin/RDS gene 

GJ.Farrar, P.Kenna. SAJordan. RXumar-Singh and 

De H fXeTof Genetics. Trinity College Dublin. Dublin 2. 
Ireland 



Introduction: We report a silent polymorphism in the coding 
seance of the huln peripherin/RDS te 
rapidly typed using allele specific oligonucleotides (ASOs). 

Source/Description: Single strand conformation po^^ 
electrophoresis and direct sequencing were us^to idenufy 
sequence alterations in DNA fragments amplified from the human 
peripherin/RDS gene (I). 

Polmorphism: We identified a C-T sequence ^y™^ 
at position 558 in the coding sequence of the Penphenn^DS 
eene which does not alter the amino acid sequence. To type the 
polymorphism, the region around the 
amplified using the polymerase chain reaction (PCR). _amphfied 
products were Dot blotted onto nylon membranes and hybndtsed 
to ASOs. 

Primer Sentences: Amplification primers: 5' TGCT ;^ C C- 
TCTCTCnCAAC 3' and 5' GTCTGTGTCCCGGTAGTACT 
3- ASOs: Al: 5' TATCTGTGTCCTCTTCAACA 3' and A2: 
5' TATCTGTGTTCTCTTCAACA 3' 
Frequency. Studied in 166 chromosomes of unrelated European 
Caucasians. Heterozygosity = 0.49% 
El: 0.554 
E2: 0.446 

Chromosomal Localisation: The human r^pherin/RDS gene has 
previously been assigned to chromosome 6pl2 (l). 
Other Comments: PCRs were performed according to reference 
(2). Mutations in the peripherin/RDS gene have been implicated 
in causing autosomal dominant retinitis pigmentosa. an.™ented 
human retinopathy (3). Therefore this newly identified 
polymorphism within the peripherin/RDS gene should prove to 
be extremely useful for linkage studies with retinitis pigmentosa 
families. 

References: 1) Travis.G.H. etal. OW 0 ^"'™"™ 

2) Farrar.GJ. et al. (1990) Am. J. Hum. Genet. 47. 941 -945. 

3) Farrar.GJ. et al. Nature (in press). 
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Autosomal dominant Retinitis Pigmentosa: a novel 
mutation in the rhodopsin gene in the original 3q linked 
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Retinitis Pigmentosa (RP) describes a heterogeneous group of 
retinopathies primarily involving photoreceptor degeneration (1). 
Linkage studies have enabled the localisation of disease causing 
genes. Two RP genes have been mapped to Xp (2). The first 
autosomal gene mapped to 3q, close to the gene encoding the 
photoreceptor cell specific pigment rhodopsin (1). Mutations 
within the rhodopsin gene have now been implicated in both 
autosomal dominant (adRP) and autosomal recessive (arRP) 
forms of RP (1, 3). More recently, an adRP gene has been 
localised to 6p, close to the gene encoding the photoreceptor 
protein peripherin/RDS (1). Mutations in this gene have been 
shown to co-segregate with the disease phenotype in a number 
of adRP families (4-6). Still further heterogeneity exists within 
adRP. It has been well established that there is an adRP locus 
at the pericentric region of chromosome 8 (7). There is also weak 
evidence for the involvement of a second adRP gene on 3q (8). 

We have now identified a new rhodopsin mutation in the 
original family (TCDM1) used to localise the first adRP gene 
to 3q. Using heteroduplex analysis (9), we observed that 
heteroduplex DNA was present in only affected individuals in 
DNA fragments amplified from exon 3 of the rhodopsin gene. 
Direct genomic sequencing revealed that this was due to a T— G 
base change at codon 207, which results in the substitution of 
a methionine residue for an arginine residue. Using an allele 
specific oligonucleotide based assay, we established that the 
disease phenotype and the mutation were co-inherited (Figure 
1), with a maximum Lod score of 17.7 at zero recombination 
(Table la). We tested 100 normal unrelated individuals for the 
presence of this mutation and found that it was absent in all these 
controls. 

This finding is of particular interest in view of weak evidence 
suggesting the possible involvement of a second adRP locus on 
3q (8). Using rhodopsin mutations in adRP families as highly 
polymorphic markers Inglehearn and colleagues observed 12% 
recombination (6 = 0. 12, Z = 4.5) between the rhodopsin gene 
and the marker (D3S47) on 3q. They suggested that the presence 
of some families in which no rhodopsin mutations had been found 
but which showed tight linkage between adRP and D3S47 was 
consistent with the hypothesis that there may be a second adRP 
locus on 3q. Our recent identification of a rhodopsin mutation 
in TCDM1 must lend some doubt to the suggestion of two adRP 
loci on 3q, which was based on families such as this one. 

The clinical presentation of adRP in the TCDM1 family is of 
particular interest due to the uncharacteristically early onset of 



the disease when compared to other well documented adRP 
patients (10). Affected members exhibited onset of the disease 
within the first decade of life, diffuse runduscopic disturbances, 
and extinguished rod photoreceptor cell responses as assessed 
by ERGs. However ERG cone responses were retained until the 
third decade, although significantly reduced in amplitude and 
delayed in latency. Two colour dark adaptometry indicated a 
diffuse loss of rod and cone photoreceptor sensitivity with a 
greater involvement of rods and hence mirrored the 
electroretinographic findings. 

The mutations observed within the rhodopsin gene and 
implicated in human inherited retinopathies have an extremely 
broad clinical spectrum. We can use previously constructed 
models of rhodopsin to speculate on the structure/function 
relationships of mutant rhodopsin molecules and hence possibly 
gain some insights into the underlying basis of the wide clinical 
spectrum observed in rhodopsin linked RP. 

There is a considerable body of data from protein chemistry 
and site-directed mutagenesis which can be amalgamated to 
provide a crude representation of the 3-D structure of rhodopsin. 
Such approaches can never provide a detailed description of the 
conformation of the protein but they can augment our 
understanding of its structure and provide a model for 
investigating it's mechanisms of action. From such studies it is 
possible to speculate on the importance of the Met 207— Arg 
substitution. There are two feasible scenarios. The first is that 
the methionine side-chain is exposed to the hydrophobic 
environment of the bilayer or is the interface between two 
transmembrane segments. Substitution by an arginine would 
seriously perturb folding either by destabilising the protein with 
a potentially charged residue to the hydrophobic phase or by a 
bulky polar residue at a helix-helix surface. An alignment of 
all rhodopsin sequences in this region indicates that Met 207 can 
be substituted by other hydrophobic residues and by Tyrosine 
(Table lb). At first sight then, one could suppose that the residue 
is not critical to the intersegment contacts and could therefore 
be exposed to lipid. 

An alternative explanation is illustrated in Figure 2. This shows 
the position of the methionine side chain relative to the retinal 
models derived from theoretical considerations of hydrophobicity 
and conservation (Donnelly, D. and Blundell,T., unpublished) or 
from the modification of residue side-chains by hydrophillic and 
hydrophobic probes (11). From this model it can be seen that 
the Ca and Q3 atoms of Met 207 are of the order of 4 Angstroms 
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Figure 1. Amplified DNA from affected and unaffected individuals from TCDM1 
was hybridised. .to the both the normal (5 TCTCATCT AC ATQTTCGTGG3 ' ) and 
mutant (5 'TGTCAf CTACAGGTTCGTGC53 ') allele specific oligonucleotides 
(ASOs) around codon 207. In this figure for convenience only a part of this large 
family is shown hybridising to the mutant ASO. Only affected members of the 
family hybridised to the mutant ASO (A). 

Table 1. a. Two point Lod scores between the disease gene and the rhodopsin 
codon 207 mutation segregating in TCDM1 . b. Alignment of residues 202 -228 
in 20 visual pigment sequences. This region of the protein is likely to contain 
the 5th transmembrane segment. 
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Figure 2. Transverse section through the model of rhodopsin to illustrate possible 
positions for the chromophore and the side-chain of Met 207. The Ca and C(3 
positions of the later are fixed but the other atoms can rotate. The attachment 
point of the aldehydic group of 1 1-cis retinal is on helix 7 (top left), rotating 
clockwise through helices 6 to 1 (extreme left). 



from the ring of retinal depending on the position of the 
chromophore. This does not necessarily imply that a significant 
interaction between the two occurs but it does suggest that there 
is not much scope to accommodate a bulky polar residue in this 
region without seriously perturbing the binding of the 
chromophore, leading in turn to an inactive receptor. It is perhaps 
relevant that the same position in the beta-adrenergic receptor 
is occupied by a serine residue, mutation of which affects the 
ability of the protein to interact with it's ligand (12). The previous 
residue is also a serine and again substitution by alanine has a 
marked effect, this time on the folding of the polypeptide. Clearly 
this whole region is critical to the structure and activity of the 
protein and it is important to determine experimentally the effect 
of the Met 207— Arg substitution in human rhodopsin. 

The exact means by which mutant rhodopsins result in 
photoreceptor degeneration have still to be elucidated. To proceed 
from the level of observation of rhodopsin mutations in RP 
patients, to an understanding of the underlying basis of these 
retinopathies, it will be important to investigate the altered 
activities and the structure/function relationships of mutant 
proteins in detail. Previously developed models may serve to 
direct these studies. In turn, the observation of amino acid changes 
within the rhodopsin protein which have radical phenotypic effects 
in humans will provide valuable information for those updating 
models of the rhodopsin protein. 

ACKNOWLEDGEMENTS 

We acknowledge with gratitude discussions with D. Donnelly on the model of 
rhodopsin. This research was funded by grants from the RP Foundation Fighting 
Blindness (United States), The Gund Foundation, RP Ireland Fighting Blindness, 
The British Retinitis Pigmentosa Society, the Wellcome Trust, the science and 



Human Molecular Genetics, Vol 1, No, 9 

concerted action programs of the Commission of the European Communities and 
the Health Research Board of Ireland. Clinical assesment of patients was carried 
out at the Research Department of the Royal Victoria Eye and Ear Hospital, Dublin. 



REFERENCES 

1. Humphries.P., Kenna,P. and Farrar.G.J. (1992) Science 256, 804-808. 

2. Ott.J., Bhattacharya.S., Chen.J.D., Denton.M.J., Donald,J., Dubay.C, 
Farrar.G.J., Fishman.G.A., Frey.D., Gal.A., Humphries.P., Jay.B., Jay,M., 
Litt,M., MachJer.M., MusareLLa.M., Neugebauer.M., Nussbaum.R.L., 
Terwilliger.J.D., Weleber,R.G., Wirth.B., Wong.F., Worton.R.G. and 
Wright.A.F. (1990) Proc. Nad. Acad. Sci. USA 87, 701-704. 

3. Rosenfeld.P.J., Cowley .G.S., McGee.TX., Sandberg.M.A., Berson.E.L. 
and DryjaJ.P. (1992) Nature Genetics 1, 209-213. 

4. Farrar.G.J., Kenna.P., Jordan.S.A., Kumar-Singh.R., Humphries, M.M., 
Sharp.E.M., Sheils,D. and Humphries.P. (1991) Nature 354, 478 -480. 

5. Kajiwara.K., Hahn.L.B., Mukai.S., Travis.G.H.. Berson.E.L. and 
DryjaJ.P. (1991) Nature 354. 480-483. 

6. Farrar.G.J., Kenna,P., Jordan.S.A., Kumar-Singh, R„ Humphries.M.M., 
Sharpe.E., Sheils.D. and Humphries.P, (1992) Genomics, in press. 

7. Blanton.S.H., Heckenlively.J.R., Cottingham.A.W., Freidman.J., 
Sadler.L.A., Wagner,M., FreidmanX.H. and Daiger.S.P. (1991) Genomics 
U, 857-869. 

8. Ingleheam.C.F., Lester.D.H., Bashir,R., Uzma.A., KennJ.T., SertedakiA, 
LindseyJ.. Jay.M., Bird, A. C, Farrar.G.J., Humphries.P. and 
Bhattacharya.S. (1992) Am. J. Hum. Genet. 50, 590-597. 

9. Belle White.M., Carvalho,M., Derse.D., O'Brien.SJ. and Dean.M. (1992) 
Genomics 12, 301-306. 

10. Kenna,P.(1991) in Degenerative Retinopathies: Advances in Clinical and 
Genetic Research. CRC Press, Boca Raton, pp. 105-110. 

11. Findlay.J.B.C. and Pappin.D.J.C. (1986) Biochem. J. 238, 625 -642. 

12. Steader.C.D., Candelor.M.R., Hill.W.S., Sigal.LS. and Dixon,R.A.F. (1989) 
J. Biol. Chem. 263, 13572-1357???. 



shc-Ill 



\^&£'fr .m:. t. LeGuyader, John 

|^#8eh^v%- : : »-. , Thursday, February 18,1999 10:16 AM 



Wtibject: 



STICilLL 

References for 09/043506. 



Please provide a copy of the following: 
l^^ftuman Mol. Genet. 1(9):769-71, 1992. 

Nucleic Acids Res. 19(24):6982 to end of article, 1991 . 



(0 



lnvestigative^5pthalmology and Visual Science 36(4):ps1045, 1995, please attach date of availably of this volume anc 
number of journal. 



investigative Opthalmology and Visaul Science 36(1):62-71 , 1 995, please attach date of availably of this volume and 
number of journal. 

American Journal of Human genetics 55 (3 Suppl.):pA358 ( 1994. 
Gene Therapy 1 (Suppl. 1):pS89, 1994. 
Gene Therapy 1 (Suppl. 1):pS61, 1994. 

Investigative Opthalmology and Visual Science 35(5):2543-2549, 1994. 
Biochem. Biophys. Acta 11 82(2): 11 9-1 27, 1993. 
FR 2702152 WPI Accession No.:94-287580. 
Cell61(6):925-26, 1990. 
WO 9420146 



investigative Ophthalmology <£ Visual Science 
March 15. 1995. Vol, 36. No. 4 



4830 - 9:30 



™2£ ™ S ,NGENETO LINKAGE FOR RETINITIS PIGMENTOSA AND 
GENE DELIVERY TO OCULAR TISSUES ((G.J. Farm'. P.P. Kama' F 
Maiucr^" A.S.W. Erven', MM, Humphries'. S. Kennedy*. P. Sieving'' r' 
^ K CJ£< and P. Humphries')). Tne Wellcome Oculax Genetics Unit, 
TTvT Dubll,, • [ ***** °*« ^ and Ear Hospital, Dublin, 
, Kcll ^« Center, University of Michigan. Ann Arbor. USA>: Dept. 
of Zoology and CeJ] Biology. AitiU loiscf University. Szeged. Hungary 

JtaOM Tn localise disease *enes lor inherited retinopathies and to investigate 
viral ueUery of genes to ocular tissues, figaillla «7 UnkagVstud Z K 
j^JP mj.pee with sensorineural deafness wc excluded aiea^ i of the genome^ 
h^SS™ 3 * 5 mm ? t 1 P <adRP) *»» have previously been 8 Z£? 
fcCif ""^L" f ? thC P nxncf: cf eighth adRP gene. To datt.£cr 

methods of delivenng genetic infonnation to ocular tissues, the goal beinf to 
^J^g^topiesforthesedisonters. Initial studKe £83 
Z^L J fS° irUS cany '5 s 2 "P"" 8<™ dri™ by the CM V 

ESSL ? '"T a - d sub " retinal ejection procedures have ban 

Nonr 



^^0 ^10:15 AM: Modular Genetic, of Retinal Disease 

4832-10:00 

Ma?!!!? EfftSSE ff;" 8 *" «*»0*W(Mff MAPPING 

»ovea. and the peH ZJ ^£ 8^e!,na, cvst8 ,0fm ttvj 

has been mSSJSH 2» ffi afflSJR ^ Rs «"* 
working to isolate the RS oEw . JZ, , J/?!? , , 0 7 016 X-Ovomosome. We are 
fl enetic 8 intonSl 2<Sd ^RS S 'SMSfSBT' h>W nanww- ,he 

on 

several new microsete^^ u *°* 
interval between DXS43-DXS41 ™ aiorft tarSa^SJS^ 'u 1 * 8 9finfltic 

DXS987 i5isS» "ecawmmota wtn lound batman rs and (DXS207 

Support; NIH EY102S9 (MS); HP Fartata. Brttoo,,. MO mm! 



4831-9:45 

J^oSmSeT™ 0 ™ E tSH ' C °" ™ E SH0RT 

((». Ayyagari , R.J.H. Smith : . M. Polymeropolous'. S. Daiger*. M.Z. Pelias* 
L. Wozencraft', M. Kaiser-Kupfer', A. Nestorowicz*. A. Permutf. Y. Lee' 
J.F. Hejtmancik'.)) National Eye Institute. NIH 1 ; Department of Otolaryngology 
University of Iowa'; National Center for Human Genome Research NIH** The 
University of Texas Health Science Center at Houston'; Department of Biometry and 
Genetics. Louisiana State University Medical Center'; Department of Internal 
Medicine, University of Washington in St. Louis'. 

PjUPSSk To construct a YAC coniig covering the Usher Syndrome type !C locus 
on the p arm of chromosome 1 1 . Methods. Linkage analysis places USHIC gene 

n a v A ^ re8i0n be,WCcn Dt IS861 31,(1 Dl ,S8W *e p arm of chromosome 
1 1 . YAC clones in this region were identified using 2 new STS markers developed 
and the microsatellite markers in this region. Bsaifls. A YAC contig has been 
constructed covering the critical region of USHIC and spanning over 7 loci 
DnS926.DIISI307.DllS86l.DllS419.DllS902.DllSI397andDllS92l.STS 
were derived from the insert sequences of the YAC clones to identify the 
overlapping YACs. Location of the STSs was confirmed using the J I somatic cell 
nybnd panel. The onto of the microsatellite markers on the YAC contig confirms 
S?,^ 0 "^ 6 gm J^L C ^ additional YACs were identified with 

D11S1310 and DI1S899 to extend the contig further etntromeric to the Misting 
region. Additional YACs were identified from CEPH libraries using an STS derived 
from the end sequence of YAC present at the end of the contig. Analysis and 
characterization of these YACs is under progress lu further sircngthen the contig 
CjiDihisjpjji; A YAC contig covering the USHIC on the p arm of chromosome 
has been construct using YACs identified. This should facilitate identification 
and cloning of the USHIC gene. 



S1Q45 



Human Mol. Genet. 1(9):769-71, 1992. 

Nucleic Acids Res. 1 9(24):6982 to end of article, 1 991 . 

Investigative Opthalmology and Visual Science 36(4):ps1045, 1995, please attach date of availably of this volume and 
number of journal. 

Investigative Opthalmology and Visaul Science 36(1):62-71, 1995, please attach date of availably of this volume and 
number of journal. 

American Journal of Human genetics 55 (3 Suppl.):pA358, 1994. 
Gene Therapy 1 (Suppl. 1):pS89, 1994. 



Investigative Opthalmology and Visual Science 35(5):2543-2549, 1994. 
Biochem. Biophys. Acta 1182(2)1119-127, 1993. 
FR 2702152 WPI Accession No.:94-287580. 
Cell 61(6):925-26, 1990. 
WO 9420146 







Volume 1 Supplement 1 

3f all 



i nillan 
i vith 

i a 
I '00 
> -alem, 

Gene transfer into neurones: 
from basic applications to 
gene therapy 

1 t 16-18 August 1993 

1 jtd ' University of Wales, College of Cardiff 

Supplement editor 
Dr. Pedro R. Lowenstein 
Laboratory of Cellular and Molecular Neurobiology 
Department of Physiology 
P.O. Box 902 
Museum Avenue 
Cardiff, CFl lSS 
United Kingdom 

\ 



ASSESSMENT OF LIPOSOMAL TRANSACTION OF OCULAR TISSUES W VIVO 
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Summary 



greatest focus of intensity was found in the layer corresponding to the 
outer epithelial layer of the ciliary processes (which would I be 
pigmented in non-albino animals), and particularly in the basal half of 
these processes. . . , 

These patterns of positive reaction were not observed m sections of 
any of the injected or non-injected control eyes. 



A possible route to the treatment of inherited ^nal ^generations 
such as retinitis pigmentosa (RP) is the appl.cat.on of somatic gene 
therapy by the transfer and expression of corrective > functional _ genes 
m oc^ar tissue, Cationic liposomes are established vehicles for 4e 
delivery and expression of exogenous genes in mammahan cells both 
to vitro and in vivo". We report here a preliminary assessment of 
liposome-mediated transfer of a plasmid carrying the reporter gene 
Ll (encoding the enzyme p-galactosidase) into tissues of the adult 
rabbit eye. 



Materials and Methods 

Adult New Zealand White rabbits (weight, 2.5-4.0 kg) were 
anaesthetized with fentanyl citrate and diazepam Two . routes o 
injection were used. (1) Following conjunctival pentomy of the ^ ngh 
eye, a sclerotomy was performed 10mm posterior to the Umbus 
mWway between the superior and lateral rectus muscles. The ^oroui 
was exposed and incised, and a Hamilton synnge needle :iandnd 
into the subretinal space. (2) Intraocular access was gamed through a 
pars plana sclerotomy. A retinotomy was fashioned through which 
me preparation was injected using a lacnmal cannula, and a retinal 

SJSS" used for transfecuon was me plasmid pCHHO, which 
carries a reporter gene encoding E.coli p-galactosidase driven by an 
SV40 early promoter. Rabbit right eyes were injected w.th matures 
Laming 1:1 ratios (w/w) of plasmid DNA and the transfecuon 
reagent DOTAP' or Lipofectin' (n^9), or controls of liposome only 
pCHllO only, saline only, or DOTAP and a non-reporter plaanid 
(L^=5) were injected. Additionally, in 3 cases, blue latex 
^phis (average diameter 0.24 urn) were added to *e 
transfection mixture to mark the route of injection. The left eye served 
as untreated control for each animal. 

Forty<ight to 120 hours post-injection the rabb.ts were killed and die 
eyeT enucleated, fixed in 4% paraformaldehyde/ 0.1M sodium 
phosphate buffer pH 7.4 and incubated in 30% sucrose/O.lM 
phosphate buffer overnight and frozen in isopentane. Cryostat actions 
(10 urn thick) were wated histochemically with the substrate X-gal to 
detect B-galactosidase activity 7 . Eyes injected with mixtures carrying 
coloured latex microspheres were also examined macroscop.cally 
following removal of the anterior segment 



Results 

Both routes of injection produced partial retinal detachment with bleb 
formation enclosing the liposomal mixture. The track of injection in 
the vitreous was visualized by the coloured microspheres. 
At the light microscopic level, specific intracellular blue reaction 
product, indicative of functional p-galactosidase. was observed in 
sections of all test injected eyes (pCHllO + liposomes). Numerous 
positive cells were seen in the outer part of the choroid, including the 
region of the suprachoroidea and lamina fusca. In certain cases, 
strong specific reactivity was also seen in the ciliary body. The 



Discussion 

We wished to investigate the possibility that exogenous genes may be 
expressed in ocular tissues in v.Vo, as a first step towards corrective 
strategies for the treatment of inherited eye disease. Here we report 
an assessment of liposome-mediated transfer of a plasmid carrying the 
reporter gene tocZ, driven by the SV40 early v.ral promoter » 
povide evidence of transfer and expression of the active, encoded 
enzyme p-galactosidase in cells of rabbit ocular tissues. The pnmary 
target for such expression would be the photoreceptor cells, since 
photoreceptor degeneration has been associated with defects in genes 
expressed particularly in these cells (for rev.ew see e.g. Humphries et 

Under the conditions of subretinal injection and preparations of 
plasmid DNA-liposome complexes used in this study, specific 
expression of the reporter gene was observed in rabbit ocuhu tis^e 
Expres^g "lis were seen primarily in the choroid and in m outer 
epimelium of the ciliary body. These regions did not 
expression in any of the control eyes. Electron microscopy to identify 
the types of cell showing uptake and expression is now in progress. In 
the^oroid, the most probable candidate types _ « . amelanic 
melanocytes and infiltrating macrophages. It is possible that that the 
SV40 promoter is functional in these cells, and ,n the outer epithelial 
cells of the ciliary processes, in preference to other cell types. 

To improve targeting of delivery and expression of reporter and 
photoreceptor genes to the neuroretina, we are currently assessing 
modifications of the promoter and liposomal constructs. 
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Abstract 

The generalised progressive retinal atrophies (PRA's) arc a 

• heterogeneous group of inherited retinopathies in dogs and cats. They 
show marked similarities to the retinitis pigmentosas (RP) in man, as 
well as to a number of inherited retinal degenerations of laboratory 
rodents. Of the various recessi vely inherited forms of PRA in the dog, 
that in the Irish setter is due to a nonsense mutation in the gene encoding 
cGMP-PDE-P subunit. Mutations at this locus are also known to cause a 
proportion of human RP cases. We are interested in applying gene 

, therapy tothese diseases, 
i 

* Retinitis Pigmentosa and Progressive Retinal Atrophy 

In humans the RP's are an important cause of blindness, affecting about 
1 in 4000 of the population. They are a group of inherited retinal 
degenerations or dysplasias with onset usually in childhood or early 

^ adulthood. Between 20% and 50% of RP cases show recessive 

inheritance, with the remainder showing either dominant or X-linked^ 
modes of inheritance 1 . A number of different loci, including those 
encoding the photopigment rhodopsin and a photoreceptor cell outer 
segment specific structural glycoprotein known as rds-peripherin, as 

m well as at least 2 others of unknown function have been implicated in 
autosomal dominant RP 234 . In addition at least 2 loci have been linked 
to X-linked RP 5 . Investigation of autosomal recessive RP are less well 
advanced, but the loci encoding rhodopsin^ and rod specific cGMP- 
phosphodiesterase (p subunit ) 7 have been linked to this disease in a 
small proportion of cases investigated. Mutations in the genes for 
peripherin 8 and cGMP-PDE-P 9 have also been shown to cause 
recessively inherited retinal degenerations in laboratory mice. 

«> 

The generalised PRAs in dogs are a group of primary photoreceptor 
diseases which are distinguishable genetically (by complimentarity) in 
different diseases 10 . The forms investigated so far have all been 
recessively inherited. In contrast, the Abyssinian cat shows both 

• dominant and recessive forms of PRA. Clinically the signs of each type 
j of generalised PRA are similar, although the age of onset differs. 
Histopathological changes also differ in detail between the various 
forms, but in each case are progressive, resulting in eventual 
degeneration of all retinal layers. Affected animals, like humans with 

m RP, show initial night blindness, followed by progressive loss of day 
vision, eventually resulting in total blindness. The companion animal 
PRA's are a particularly useful model for human autosomal recessive 
RP(ARRP) for at least 3 reasons: 

^ i) Pedigree breeds which suffer from these conditions are often 
extensively inbred: there are large pedigrees available, and the 
phenotype can be followed through many generations, making the 
acquisition of cases and linkage analysis rather easier than it often is in 
the human case. 

^ ii) Many (at least 5) non complementing loci have been linked to the 
disease. An understanding of each of these conditions may give an 
insight into some forms of human ARRP. 
iii) Research colonies of several breeds of dog and cat suffering from 
PRA are available. This resource allows close study of the development 

O and biochemistry of the defects. 



Aetiology of Progressive Retinal Atrophy 

We have used a candidate genes approach to examine the aetiology of 
PRA. We have recendy cloned both the canine rod-specific opsin 



gene 1 and the canine cGMP-PDE-P gene. We have begun screening 
these two genes for mutations in the various canine PRA models. As yet 
we have not detected any polymorphisms showing linkage to PRA in the 
opsin gene, but we have recently reported a nonsense mutation in 
position 2420 of the cGMP-PDE-P gene of Irish setters which segregates 
with an early onset form of PRA known as rod-cone dysplasia type 1 
(red- 1) 12 This G > A transition creates a tryptophan to amber 
mutatation at codon 807 which causes premature termination of the 
protein 49 amino acids upstream of its normal terminus, and would be 
expected to abolish the ability of this subunit to bind to the rod outer 
segment membrane. The same mutation has also recently been reported 
in an American colony of Irish setters suffering from rcd-1 13 . However, 
it is not found in Tibetan terriers, long haired dachshunds or miniature 
poodles with later onset forms of PRA. 

Gene therapy and the progressive retinopathies 

When considering gene therapy in relation to the inherited retinopathies 
there are several difficulties:. 

i. Currently, gene replacement strategies are only useful in the case of 
recessive disease. Of the currendy understood human RP's only those 
with mutations in the cGMP-PDE-p locus and a small proportion of 
those with mutations in the opsin locus obey these criteria. 

ii. The affected cells in these diseases are the photoreceptor cells, and in 
most cases specifically the rod cells. It is likely that effective repair will 
require gene expression in a largeproportion of these cells. We do not 
currently have good non-transgenic methods to deliver genes to these 
cells. The mouse is not an ideal model for the human in such studies 
because of the differences in rod and cone frequency, in state of retinal 
development at birth and in sheer size in the 2 species. In all of these 
respects, companion animals are arguably a half-way house between 
mouse and humans. 



We are interested in developing models for targetting genes to the 
murine and subsequendy the canine rod cell with the long term aim of 
applying these to RP in humans. 
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Summary 

Over the past few years, genetic <* * e 

oeular system have beeome ^^^SS- 
ing research areas in the vis.on field. The 
opment of the recombinant DNA techniques together 
S somatic cell genetics, during 
has fueled this progress. As a result, many genetic 
£e£ genes have been localized in the tan dn- 
mSome e and several of them have been isofcttd and 
rw-icterized These and other studies have pro- 
SSfS^ «• basic -dcrsunding of genetic 
eye disorders. Although gene replacement therapy, 
prenatal diagnosis and carrier detection have not bee" 
extensively tried for genetic eye diseases, such attempts 
2 now feasible Molecular analyses made it clear 
That there are manv challcnaing problems that need 
Itltion. This report 

developments, particularly on the X-l.nkcd major gc 



^ndence to: " 
Oakland University. Rochester. Ml. 48J09-44U1. us 



netic eye diseases. In order to help the beginners and 
general audience, a brief description o^he clinical 
paLlogy and the molecular probes used to locate the 
Jenetic defects of certain disorders are presented. 
SSers are arranged according to the* linkage Mfrom 
telomere to telomere on the chromosome to grve a 
coherent structure. It is hoped that this information . 
Sul and of general interest for the beginners, estab- 
lished investigators and ophthalmologists. 



I. Introduction 

Blindness or visual impairment is one of the dew* 
Ming problems which people fear most. Each has 
aS been a major public health concern. It .set,. 
mS that approximately 30 million people m the 
ltd are blind [1] and a similar number are reported 
X visually disabled. Serious eye problems can mteP 
fere with education, physical 1 development and I destroy 
careers. In children blind before the age 
believed to have an inherited disease [2]. In these 
« especially where clinical data may be hard to 



if ft n t 



120 

obtain, and in other inherited diseases where data are 
inconclusive, a combined knowledge of clinical and 
basic genetic research may permit the physician to 
diagnose the disease more accurately. This s because 
DNA testing does not require clinical information. 
Additionally, the availability of a DNA test may reduce 
the need for other more extensive and expensive test- 
ing This is particularly true in the case of mild forms 
of the diseases because it is hard to differentiate a mild 
form of a common genetic disease from a distinct 
genetic disorder. In fact, the lack of genetic knowledge 
in several instances is unfortunate for the many indi- 
viduals who have inherited vision loss. Therefore, ge- 
netic research in inherited eye diseases is such a wor- 
thy one that it will help in obtaining the details of the 
ocular pathogenesis and possibly to develop a better 
therapy or prevention. 

In recent years the application of molecular genetic 
techniques to the study of genetic diseases has pro- 
vided a better understanding of human genetic disor- 
ders at the molecular level. During the course of the 
last 20 years, a whole spectrum of disease genes have 
been identified, cloned and characterized. Diseases 
such as cystic fibrosis, Duchcnnc muscular dystrophy 
and neurofibromatosis are now amenable for diagnosis 
at the DNA level 13]. Similar advances have also be- 
come possible in the eye field. During the 1980s re- 
markable progress was made in localizing, isolating and 
characterizing some of the genes responsible for cer- 
tain heritable eye diseases. Recently, the amplification 
of the target sequences (PCR) enabled investigators for 
the first time to localize the point mutations in the 
rhodopsin gene of some autosomal dominant retinitis 
pigmentosa. Similarly, genetic linkage analyses helped 
to map the Usher syndrome (type 11) to the long arm of 
chromosome 1. Although these and other studies have 
profoundly enriched our basic understanding of the 
genetic eye disorders, the number of eye diseases that 
can be definitely diagnosed by DNA analysis is still 
quite limited. In this article, 1 have attempted to high- 
light some of these developments, particularly on the 
X-linkcd major genetic eye diseases, because of their 
general interest for researchers and ophthalmologists. 
Disorders which are either extensively studied or new y 
assigned or for which candidate genes are availab e 
have been selected for the discussion m this article 
(Table 1) and several other disorders which are known 
to affect the eye are summarized in Table II for 
completeness. No attempt has been made to cover the 
entire field exhaustively or any particular disease in 
detail. In addition, several systemic diseases which are 
also known to affect the ocular system, autosomal and 
some of the X-linked eye disorders are not included in 
this essay, since a descriptive compilation of these has 
recently appeared [4,5]. 

It is appropriate to begin with a brief outline of 



sclera 



choroid 



cornea 




Fig 1 Diagram of a horizontal section of the human eye showing the 
organization of the cornea, lens and the retina. The lens and the 
comea focus image on the retina which converts the incommg l.ght 
to electrical signals. The retina is the innermost of the three coals 
that form the wall of the eyeball. The vitreous, normally a gelatin-tike 
substance which Wis the larger chamber in the back of the eye 
protects the globe from collapsing and allows the unhindered trans- 
mission of light to retina. 



different parts of the eye and its function. The visual 
system is a highly organized and complex system. The 
optical element of the eye, the lens and the cornea 
(Fig. 1) focus image on the retina which converts the 
incoming light to electrical signals which are further 
processed by a portion of the brain. Most blindness 
and visual disability is caused by disorders of the retina 
and choroid. Therefore, a major portion of the discus- 
sion is devoted to those disorders which primarily 
affect the retina and the choroid. 

II. Ocular albinism 

This is a heterogeneous group of heritable disorders 
of the melanin pigment system of the eye. Macrome- 
lanosomes are characteristic features of the X-lmked 
recessive form which are not seen in the autosomal 
recessive form. In an X-linked trait there are two types 
of ocular albinism, designated OA1 and OA2, which 
are also called Nettleship-Falls type [6,7] and Forsius- 
Eriksson type, respectively [8-10]. The affected indi- 
viduals show decreased visual acuity, hypopigmentation 
of retina and hypoplasia of the fovea and have nor- 
mally pigmented skin. Carriers may also show pigmen- 
tation in the periphery of the fundus and the presence 
ot translucent inses. Molecular genetic studies using 
multiplex polymerase chain reaction amplification 
mapped the locus for OA2 to the sub-bands Xp21.3- 
21 2 between the marker DXS67 and Duchenne mus- 
cular dystrophy [11]. However, in the case of OA1, 
familial cosegregation was observed between OA1 and 
X-linked ichthyosis which is caused by the deficiency of 




steroid sulfatase enzyme. By using cloned DNA probes 
the locus responsible (or OA1 disorder has been 
mnpped to Xp22.2-p22.3 region and has Je foHowing 
gene map: DXF30S1-STS-DXS237-DXS143-DXS16_ 
The position of OA1 is likely to be m between DXS 
237 and DXS143 [12]. Because of the extreme clinical 
variability of this disease, accurate genetic counseling 
o the carrier is difficult. However, these stud.es _should 
prove invaluable for the ultimate goal of •Jm.ficat.on 
and characterization of the genes responsible for ocu- 
lar albinism. 

111. Retinoschisis 

Retinoschisis belongs to the still poorly defined 
group of vitreoretinal dystrophies. Congenital heredi- 
tary retinoschisis is inherited through an X-hnked re- 
cessive mode and hence occurs exclusively m male 
patients. The affected individuals invariably show fovea 
retinoschisis, vitreous degeneration abnomalities of 
the retinal vasculature [13] and a schisis of both periph- 
eral and central retina. This is a progressive disease 
with slow deterioration that occurs throughout life, and 
with no known cure. Abnormalities of the : ret.n* i can , be 
detected in young patients at 3 months of age J Carr ers 
of X-linked retinoschisis cannot be detected by clinical 
means. On the basis of histopathologic, stu dies and 
the abnormality in the electroretinogram 114-16] it was 
suggested that Muller cells may play a cr.t.cal role in 
the pathology of this disorder. 

Although the biochemical defects i»den>|«to 
disease are not understood, linkage analyses perfomed 
using large numbers of families w,th several affected 
males [17,18] and highly V^^^Vt^ 7 lod 
suggest that this disease is linked to ^Jjg^ 
with the following gene ^<«S^™; 
DXS43)-RS-DXS274-(DXS41, DXS92)-ccn. [17,18] 
Many studies indicate a homogeneous etiology of 
retinoschisis. but it is not clear at present what con- 
tributes to the marked variation in its phenotypic ex- 
pression. It is possible that different mutations or dele- 
Sons in a single gene may contribute to the different 
clinical features. 

IV. Cataract 



A cataract is an opacity of the normally clear lens of 
the eye. In humans, opacification of the eye lens is the 
elding cau^c of M impairment and o,.nd,KSs. 
Hereditary cataracts in the majority of cases are tran*- 
mitted as autosomal dominant traits 19] and can be 
clinically heterogeneous even among fanvly members. 
An X-linked congenital cataract [20] 1 is ; a rare disorder 
and exhibits central cataract ; 
cornea and dental abnormalities [21,22]. The congem 



tal cataract associated with dental anomalies is also 
known as the Nance-Horan syndrome [19]. 

An extensive effort has been made to ^»*» hc 
defective regions responsible for this disorder. While 
there have been no chromosomal deletions or rear- 
rangements detected, mapping techniques using re- 
striction fragment length polymorphism (RFLP 
[19,23,241 have shown that the disease locus resides* 
Xo21 1-P22 J. Similarly, cataract congenital total (CCI > 
S beeS assigned to the short arm of X-chromosome 
125] Further linkage analysis with other closely linked 
markers and the isolation and characterization of the 
candidate gene responsible for this disease | may pro- 
vide an explanation for the clinical variability of this 
disease. 

V. Retinitis pigmentosa 

Retinitis pigmentosa comprises a group of degener- 
ative and progressive disorders of the 
cells of the retina which affects between 50000 to 
100000 people in the United States. Although there is 
a great difference in the expression of this disease 
between different types of retinitis P^S*! 
disorder is characterized initially by night blindness 
and progresses with color vision anomalies, retinal 
pigmentary atrophy, loss of mid-peripheral visual field 
and eventual loss of central and far peripheral vision. 
This ultimately leads to total blindness. Retinitis pig- 
mentosa is phcnotypically heterogeneous and can be 
inherited as an autosomal dominant, an autosomal 
receive and an X-linked trait [26-29] with geneuc 
heterogeneity existing within each hereditary pattern. 
In an X-linked disorder, only males in the pedigree are 
severely affected and there is no history of male to 
male transmission. Carriers of X-linked recessive RP 
show no evidence of disease. 

In spite of an extensive effort, no candidate gene 
defect has been described for X-linked retinitis pig- 
mentosa. However, linkage analysis 4 
suegests the presence of at least two [26,271 and possi- 
loci- One of the loci (RP2) is closely 
linked to DXS7 and there are no reports of chromoso- 
mal translocation or deletions in R1P2 disorder . but a 
possibility of centromere effect has been reported [30]. 
The second (RP3) maps near to the locus ornithine 
Carbamoyl transferase [27]. This RP3 locus is supported 
by the fact that affected males show multiple pheno- 
types and deletions in the X P 21 wW*^ 
eSingly. a family with RP3 type disorder has been 
found to be associated with ciliary abnormalities I3ZJ 
which is consistent with its multiple phenotypic expres- 
sion The third putative locus is found dista. to r- 
nithine carbamoyl transferase [33]possibl> £ «J( 
tion 76 cM, midway between DXS28 and DXS1M 
markers. The third locus is very closely linked to RPZ 
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and has the following regional gene map: Xcen-OTC- 
RP3-DXSU0 126]. It is not clear at present whether 
^ muUiole loci are postulated because of a lack of 
JL or that these studies simp* 
«uuest the genetic heterogeneity and complexity ot 
2d to nkr This certainly is a challenging avenue or 
he Jrufe Several loci are possibly «yrj^ J* 
B e!h r ecreate a risk in a particular .ndmdual. Such 

routine diagnosis nowevcr, uw . 
with dettned chromosomal reg.ons would be «w help 

leritance produce the same clinical phenotype. This 
mechanisms involving genet.c abnonn^ 
ies should be able to explain the tissue sr*c.r.c.* o 
S disease and its delayed onset. In other wonfc a 
the K encs involved should be retina specific. Alterna 
retinitis pigmentosa may represent an examj e 
of a general metabolic defect causing 
Seen suggested recently to explain other ocular disor- 
dcrs (sec below). 



VI. Nome disease 

Norrie disease is a congenital retinal dysplasia Ru- 
rally similar to retinopathy of prematurity. It _ is i rare 
Snetic eve disease which can lead to congenital bl nd- 
S fi ^ recognized by Norrie 136] and characterized 
E $ a KS^n-i ocular mass due to retina 
dys lasia. Among other abnormalities • 

A 1 affected males exhibit variable expressivity. DNA 

ii d and o22 was observed in some patients naving 
Norrie disease and other symptoms including mental 
Satlon Although a deletion of the 
"idasc gene has been noticed m someaHec c d md , 
viduals 141,46-48], this is not found to be the case in a 
££ family study having classic Norrie disease. Hence, 



K, defects ttemsel.es may be tesponsml for the 
S of the disotder. A candidate gene «h«h has 

Scions in affeoed 1^ 

pathology of Nome disease. 

VII. Congenital stationary night blindness (CSNB) 

This is a group of hereditary disorders of the retina 
in^hchthe fundus appears normal by ophthalmo 
^c examination, but the affected 
nonVosressWe 

visual acu ty from birth. There are wu ijtf 
^stationary night blindness. The first one is called 
colS le £S and is characterized by the night bl.nd- 
neS myopiTand absence of rod function. The second 
knoTas incomplete type and shows some function- 
ing rT. reduced night vision and absence of n^a. 
This disorder can be inherited by autosomal dominant, 
Ssomal recessive and X-.inked "^SStS 
SRI and clinically there are great differences among 
each We S complete and incomplete types have 
2? bX found within the same X-lmked pedigree. 
Comers Jn X-linked disorder are not readily detemble 
SSlmeans. By using eight multigeneration fami- 
nes and 17 polymorphic X-chromosome markers the 

t^eWM <" this disorder I 35 ^ a T/ Z 
iocumc hv 159-621. Furthermore, using five 

pomt a ;^J J r J 1 . T1M p. DX s255-DXS14 and for the 

sSSsssssssissse: 

anaWsis suggests the following map order: DMD- 
MAOA-aNB-DXS426/TlMP. In any case, it is an 
Sinf region of thi X-chromosome. because *o 
other genetic disease, namely retinitis P^osa and 
Nonie disease have been previously mapped to the 
?a°m7regio. Although further ^iS^ 
to explore the effects and reasons for clustering oi 



defects responsible for these three diseases, it appears 
likely that this region of the X-chromosome contains 
genes determining several different functions of the 
fetina. Since myopia and nightblindness « sea* 
herited it is interesting to determine whether these are 
due to the same gene defect or due to tightly Unked 
genes. Additionally, since an X-linked myopia without 
nightblindness and a separate inheritance of these mo 
disorders in relatives [64] are known, it can be specu- 
lated that the disease phenotype may be caused by two 
different loci. Alternatively, it is possible that a single 
locus causes the night blindness, but the myopia , is due 
to its secondary effect. It is also not clear at present 
whether the observed variation in clinical expression of 
X-linked disorder represents yet another example ot 
genetic heterogeneity. 

VIII. Choroideremia 

Choroideremia (eremia = absence) is a rare herita- 
ble, bilateral, and progressive X-linked disease ^[65 66] 
causing central blindness in affected males during early 
adu hood. The affected individuals show progresswe 
dystrophy of the choroid, retinal pigment epithelium 
25 ouVr retina. Carriers regularly show an abnormal 
phenotype. The disease locus has been mapped to the 
Xq21 band [67-70]. With the use of positional cloning, 
which has recently become the classic approach J* 
isolate human disease genes, a candidate cDNA clone 
spanning the same chromosomal region has been so- 
rted [71]. DNA sequence analysis and characterization 
of this clone reveals that this gene is expressed in 
retina choroid and retinal pigment epithelium Its 
Session, however, is not restricted I to «« cgte-J 
found also in HeLa cells and lymphoblasts al hough 
rdefect is more specific for the eye. In addition , 
ranscript is either found to be absent or structuraUy 
altered in patients with choroideremia, suggesting the 
possibility that it ,,ay indeed represent the : g ene : under- 
lying the choroideremia. Moreover, pointy mutations 
that introduces termination into the open 
have been detected in patients with choroideremia 172]. 
Sar but not identical candidate cDNA for c oro.- 
deremia has been reported recently [73]. Express on 
studie using this clone revealed no alteration m the 
V* et^structure of this gene k^fi**** 
ual unlike those reported by others [71J. However, 
mRNA levels are found to be markedly reduced or 
Tbsent in many patients. It is not clear at prescn t wh ch 
of these two cDNAs is an appropriate cand.date gene 
for choroideremia. Interestingly, the protein encoded 
by the gene isolated by Cremers et al. exhibits signifi- 
cant (76%) similarity in its amino terminal region to 
S r ccntly described P 25A-GD1 [74], and resemble 
he component A of rat Rab geranylgerany (GG) 
transferase [75.76]. One of these components is found 
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t0 be missing in choroideremia [761. Although the 
biological significance of this similarity awarts urthcr 
e periments availability of a cloned gene and elucda- 
Jton of its function should help greatly in prenatal 
diagnosis and in understanding the Secular mecha- 
nisms responsible for the degenerative process o 
choroideremia. As suggested by Cremers et al. [71] 
'choroideremia may be due to a widespread metric 
defect as in the case of gyrate atrophy and Refsums 
disease. 



IX. Fabry disease 

Fabry disease was originally described by Fabry and 
Anderson and is also called Fabry-Anderson disease. It 
is an X-linked recessive, sphingolipid storage disease 
caused by deficiency in the activity of lysosoma hydro- 
a-galactosidase A [77.781. The affected males have 
no detectable o-galactosidase A activity and show a 
variety of systemic signs along with corneal opacities 
and cataraci [79-80]. Isolation of cDN A and a genomic 
gene encoding a-galactosidase A (located to the 
chromosomal region Xq2l.33-q22) not only prided 
information regarding the structure and fi.nct.on of the 
enzyme, but also helped to identify six different germ.- 
nalrearrangements [811 and point mutations [82-84] n 
2 a-galactosidase gene in the affected .ndmdual . 
However, development of a disease mode .n trans- 
genic animals by using a rearranged or mutated gene 
or the introduction of an unmutated copy of the gene 
?„to a mutant cell line in vitro to correct the underlying 
biochemical and physiological defects have not yet 
been reported. 

X. Lowe oculocerebrorenal syndrome 

This disorder was originally described by Lowe [85] 
and is inherited as an X-linked recessrve trait The 
affected males exhibit congenital *"fj*» a £ 
corneal opacities and progressive renal tubular dys- 
function [86-881. In addition, growth retardation and 
severe mental retardation have also been noted Fe- 
male carriers are known to have ta ( opacrt.es but 
exhibit normal neurological and renal functions Al- 
though the possibilities of several biochemical abnor- 
mamies have been reported [891 the basic b^hemical 
defects underlying this disorder are unknown Using 
sS multi-generational families DNA based mkage 
analyses revealed that the "T^-Jf^ * £ 
disorder is closely linked to Xq24-q26 [86-88.90L ■** 
cent isolation of yeast artificial chromosome clones of 
1 human X-chromosome has helped to identify a 
handle cDNA for this disorder T**^ 
detectable genomic rearrangement and the affected 
individuals do not have an abnormal transcript of this 
B cne Based on the similarity of the encoded protein, it 
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has been sugg-d ~™ff£S£2i 
due to an inborn "^^^ethcr with the 
bolism. f^f^^J^tJ^ technology 
application o ^l™™*™ seque nce variation 

disease at the gene level. 

XI. Color blindness 

Hum an color vision is "^gS£Z 
of a family of V^V^- ^J^ 
molecules. The inherence of coto ^ vjon 
ties has long been ^^JZ^SLmM* 

-flfffrJ C ; e lon e fonn. The loci 
are found to be tne rnu ^ 

responsible for this ^"Jld both to each 
part of the Xq arm «J«"gJ Sdrogenase 193- 
other and to th V molecular level 

97]. To understand this disorder at tne nwi 

th cDNAs and genomic B ^JKs& 
and red photopigments have bee Jg 

^.ta^^-J^X, genes are 
and 3-5 copies of the green co * - 

found to be present. Further ^^J,,,^ 

clones, together with the ^^^Sm^ 

and organization with that o th aKc xtcd m 

shows that red-green homolo- 
alterations (either gene conversion or u«q 

gous recombination o in 
green photop.gments. lnter f^* y ' f • d t0 

color matching with normal ^rphism 

be due to a ^^^jS^Sm 64 
in red opsin gene 1981. Further stuo 
color-defective males have shown tha, ^ ProU 
sion defects are associated with 5 red ^g 
genes and Dcutan defects are due o l^"^ 

g cne deletion 1991. »■ ^^J^" the green 
.ported to be due ,o ^ m, sense muta ^ ^ ^ 
visual pigment gene 1WJ. inc _ 
characterized color vision gene photo . 
standing the mechanisms ^j£^M^ 
chemical events ^^^^n,^^ 
ally, this will also enable the Mjwcwg 

X-linked d. S orde« ' gJ^'jS^ 

blue sensitive cone 1103). i ne pi« vicinity 

been suggested 193.97) 10 a scp . n 



• rpd and ween pigment gene clus- 
alterations m both red a "° di ;^ ^ pathways to 

the loss of both red and jgreer , gene i ^ 
respect blue con; ; ^X ™nX deletion of up- 

gene. 



XII. Familial exudative vitreoretinopathy (FEVR) 

and Schepens 11051, is a new e ry 
ocular diseases 1106 . FEVR is £ o s 

characterized by the aonorrn nearly 

retinal detachment ana ..nimately can lead to 

premature birth or owen tw py ^ tQ 
gestationa penod Thisdi^ase^ ry ^ ^ 

te JT B ' t, 2^S£5 oT dominant exudative 



TABLE 1 ^ AwW *i Ae 

Map /orfl/wn o/i«wi/ X-lmketi &nem *> 
article 



Disorders 

1. Ocular albinism OA1 
Ocular albinism OA2 

2. Retinoschisis 

3. Cataract (Nance-Horan) 

4. Retinitis pigmentosa 3 
Retinitis pigmentosa 2 

5. Norrie disease 

6. Congenital stationary night 

blindness 

7. Choroideremia 

8. Fabry disease 

9. Lowe Oculocerebrorenal 

Syndrome 

10. Color blindness, dcutan, 
protan and blue cone 
monochromacy 



12 
U 

17, 18 
19, 23. 24 
26, 33 
26, 27 

37,39,43,44 



XpU.3 
Xq2l.2 
Xq21.33.fl22 



Xq24-q26 86-88,90-92 



Xq28 



93-97 



\he 



si 



<9\! 



Map locution 


Ref. 


Xpter-p22.32 


112,113 


Xp22.3-p21.3 


114 


Xp22.2-p22.1 


115 


Xp21.1-p1l.3 


116 


Xql2-ql3 


117 


Xql2-q26 


1 1K. 119 


Xql3 


120 


Xq22-q24 


.P.I. 122 


Xq27-q2H 


123, 124 


Xq27-q28 


125 


Xq27-q28 


126 


Xq28 


127 



TABLE II 

Map location of X-iinked ?ye disorders which are not discussed in the 
artule 



Disorder 

1. Katlman syndrome 

2. Aicardi syndrome 

3. Corneal dermoids 

4. Progressive cone dystrophy 

5. Menkes disease 

6. Megalocornea 

7. Aarskog syndrome 

8. Alport syndrome 

9. Incontinentia pigmenti 

10. Hunter syndrome 

11. Anophthalmos 

12. Myopia 



has been accumulated for an X-linkcd mode of inheri- 
tance [106]. Preliminary linkage analyses (our unpub- 
lished results) suggest the possibility of multiple candi- 
date loci as putative location of the genes. These 
studies once again may reflect that FEVR may belong 
to a group of genetically heterogeneous hereditary 
disorders of the retina. Use of several other DNA 
markers for the long and short arm of the X-chro- 
mosome may accelerate the linkage analysis of this 
disorder. 

XIII. Concluding comments 

Modem medicine is already being affected by the 
advances in recombinant DNA technology. Increas- 
ingly, many genetic diseases (mostly single gene dis- 
eases) have been diagnosed before the onset of the 
related syndrome and many more will be detected in 
the near future. The ocular field is not an exception to 
this exciting progress. During the last decade, X-linkcd 
choroidcrcmia. Norrie disease and color blindness 
genes have been isolated and characterized, helping 
investigators to understand the molecular basis of these 
hereditary disorders. In addition, several other diseases 
such as retinitis pigmentosa, rctinoschisis, cataracts 
and ocular albinism disease have been mapped to a 
particular region of the X-chromosomc (Tables I and 
11). In the next decade, undoubtedly many of these 
genes will be cloned, characterized and their molecular 
pathology defined. Although carrier detection, prena- 
tal diagnosis and gene replacement therapy have not so 
far been extensively tried for the genetic diseases of 
the ocular systems, such attempts will be now feasible 
[111). Molecular analyses made it clear that there are 
many challenging problems that need attention. For 
instance (i) we need to understand more about the 
altered gene products; (ii) it is necessary to know the 
relationship between the pathology and gene alter- 
ation; (iii) it is necessary to establish the primary cause 
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that is responsible for the disorder; (iv) it is essential to 
discover why certain disorders have such heteroge- 
neous phenotypes; (v) we need to improve the quality 
of genetic counseling to prepare the families for a 
difficult educational job; (vi) we need to gain new 
knowledge related to retinal and choroidal function; 
and (vii) it is necessary to develop a new approach to 
clinical diagnosis. Additionally, generation of the trans- 
genic animals with the defective genes may provide 
better insight into the pathogenetic mechanisms of 
these disorders which may in turn provide better ther- 
apy. This will also help to understand why certain 
disorders have such heterogeneous phenotypes and 
improve the quality of genetic counseling. Gene target- 
ing by homologous recombination may prove to be 
another avenue of approach to understand the func- 
tions of genes and complexities of multigenic diseases. 
These approaches will hopefully help to meet the ulti- 
mate challenge of molecular biology in identifying the 
individuals at risk, defining the clinical phenotype at 
the molecular level, understanding of the functions of 
the genes, reversing the genetic defects and restoring 
sight to the blind. 
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Note added in proof (Received 14 Jury 1993) 

While this paper was in press, further studies (Bergen. A.A.B., 
Ziip, P., Schuurman. EJ.M. el al. (1993) Genomics 16. 272-273; 
Charles. SJ.. Green. J.S., Moore. A.T. et al. (1993) Genomics 16. 
259-">6l> on ocular albinism (OAI) have shewn that OAl has the 
following gene map: Xpter-STS-DXS^.KAUOAI. DXS143V 
DXSK5-DXSI6-Xcen., which is consistent with the previous report 
112]. Furthermore, analysis of genomic clone encompassing the Nor- 
rie disease gene indicates that the gene is not only expressed in the 
eye but also in the fetal and adult brain, lung and muscle (Chen. 
Z.Y., Battinelli. E.M.. Hendriks. R.W. et al. (1993) Genomics 16. 
533-535. 
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Mitochondrial Diseases: Minireview 
Gene Mapping and Gene Therapy 



Eric S. Lander and Harvey Lodish 

Whitehead Institute for Biomedical Research 
and Department of Biology 
Massachusetts Institute of Technology 
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The human mitochondrial genome is a 16,569 bp circular 
DNA molecule that is strictly maternally inherited and en- 
codes 13 of the proteins required for oxidative metabo- 
lism, as well as 22 tRNAs and 2 rRNAs required for their 
translation. Because mitochondrial DNA has much less 
redundancy than the nuclear genome (in which essen- 
tially identical information is received from both parents, 
and tRNAs and rRNAs are present in multiple copies) and 
much higher information density (an equivalent comple- 
ment of essential nuclear genes might be strewn across 
1-2 million bases), it would seem to be an excellent target 
for mutations giving rise to human disease. Discoveries 
from a number of labs have confirmed this expectation: 

• Leber's hereditary optic neuropathy (LHON) had long 
been suspected to be caused by a mitochondrial muta- 
tion owing to its maternal inheritance pattern. By se- 
quencing mitochondrial DNA from LHON patients and 
comparing it with the canonical Cambridge sequence, 
Wallace et al. (1986) identified in LHON patients a mis- 
sense mutation in a conserved position in subunit 4 of 
NADH:ubiquinone reductase (ND4). Seven other ob- 
served nucleotide changes appear to be polymor- 
phisms. 

• Similarly, a neurological syndrome consisting of retinitis 
pigmentosa, ataxia, seizures, dementia, and proximal 
muscle weakness is caused by a missense mutation in 
a conserved position of subunit 6 of the mitochondrial 
ATPase complex (Holt et al., 1990). 

• Many patients with an encephalomyopathy called Kearns- 
Sayre syndrome bear large, heterogeneous deletions 
in the mitochondrial chromosome (e.g., Holt et al., 1988; 
Ozawa et al., 1988; Rotig et al., 1988; Zeviani et al., 
1988). To account for the relatively homogeneous phe- 
notype produced by the various deletions, investigators 
argue that virtually any deletion of at least 1-2 kb will 
eliminate a tRNA gene essential for mitochondrial trans- 
lation. But in view of the identification of Kearns-Sayre 
patients bearing large duplications (Poulton et ai., 1989), 
this is not a wholly adequate explanation. 

• Finally, myoclonic epilepsy associated with ragged red 
muscle fibers (MERRF) is caused by a single nucleo- 
tide substitution in the TyC loop of the tRNA 1 ^, which 
apparently interferes with mitochondrial translation (Shof- 
fn r et al., 1990). 

In most of the diseases, patients' cells carry a mixture 
of mutant and normal mitochondria- a condition known 
as h t roplasmy-with the proportions varying from tis- 
su to tissu and from individual to individual within a ped- 
igr e, in a manner roughly correlating with th severity of 
th phenotyp . Each tissue functions like a chemostat 
with two species of bacteria competing, but with a p r- 
verse twist: lesions in gen s ssential for oxidativ metab- 



olism may cause no growth disadvantage, because all fac- 
tors required for mitochondrial growth and replication are 
encoded by the nuclear genome and imported from the 
cytoplasm. Conceivably, some mutations might even con- 
fer a selective advantage on the mutant mitochondria— if 
large deletions of DNA permit more efficient replication 
(Wallace, 1989), or if inadequate function actually pro- 
vokes mitochondrial replication (Grossman, 1990). 

It is instructive to compare the genetic mapping of dis- 
eases encoded by nuclear genes versus mitochondrially 
encoded ones. To map a nuclear gene responsible for a 
simple Mendelian trait, the inheritance pattern of the dis- 
ease is compared with the inheritance pattern of a collec- 
tion of DNA polymorphisms distributed throughout the ge- 
nome. For each polymorphic marker, one computes the 
likelihood ratio, which consists of the probability that the 
inheritance pattern would result if the disease and marker 
are linked, divided by the probability that the pattern 
would result if they are unlinked. Linkage is said to b 
proven if the likelihood ratio is large enough; traditionally, 
the log 10 of the likelihood ratio (called the LOD score) 
must exceed 3. A total of 10 informative meioses is needed 
to reach a LOD score of 3. Once linkage is established, the 
genetic position of the disease-causing mutation can be 
determined by recombinational mapping relative to a vari- 
ety of nearby markers. 

By contrast, mitochondrial gene mapping requires no 
DNA polymorphisms. One need only show that a diseas 
exhibits transmission through all mothers and no fathers 
in a sufficiently large family. Finer recombinational map-, 
ping is impossible because mitochondria from two par- 
ents cannot be brought together and persuaded to recom- 
bine. Once linkage is established, one must sequence the 
mitochondrial chromosome and identify the mutation from 
among a background of harmless polymorphisms. (The 
contrast between the nuclear and mitochondrial genomes 
is actually less pronounced in practice than in theory. Ow- 
ing to the limited number of meioses that can be studied 
in human families, recombinational mapping of nuclear 
chromosomes rarely has a resolution finer than 100,000 
bp, and one must resort to scanning a large stretch of DNA 
sequence.) 

Although DNA sequence can provide strong evidence 
supporting the assignment of a mitochondrial disease to 
a particular mutation, such data are not conclusive (un- 
less the entire mitochondrial genome were sequenced 
and only a single nucleotide difference observed). Rig- 
orously, the functional significance of a mitochondrial 
DNA mutation must be proven by showing that the in- 
troduction of the wild-type g ne can complement the de- 
fect. Unfortunately there is, as yet, no suitable transforma- 
tion system for reintroducing mitochondrial g nes into the 
organ He. , 

Ther are, how v r,two xamples in yeast wh re a mito- 
chondrial gen has b n introduced into th nuclear g - 
nome, and the resultant prot in is transported into th 
mitochondrion and is functionally activ (Nagl y et al., 
1988; Hartl and Neupert, 1990). A similar approach could 
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be used for the LHON mutation in ND4. To understand 
how this might be done, it is necessary to review briefly 
how mitochondrial proteins reach their final destinations. 

Biogenesis and membrane insertion of mitochondrially 
encoded proteins are not well understood, but one or 
more signal sequences on each of these proteins is likely 
to target them from their site of synthesis on mitochondrial 
ribosomes in the matrix space to the appropriate inner 
membrane location. Indeed, physiological and molecular 
studies on yeasts with mitochondrial DNA mutations in 
ATP synthase subunits have shown that certain subunits 
are essential for the ordered insertion of others (Nagley, 
1988). 

Nuclear-encoded proteins destined for the mitochon- 
drial matrix or inner membrane are synthesized on cyto- 
solic ribosomes; with few exceptions they contain an 
N-terminal mitochondrial matrix-targeting sequence that 
is cleaved by a matrix protease after uptake into the or- 
ganelle matrix space. Such sequences are thought to bind 
to one or more receptors on the mitochondrial outer mem- 
brane. Proteins destined for the inner membrane are be- 
lieved to cross both the outer and inner membranes into 
the matrix space and then become inserted into the inner 
membrane. 

In one study, a S. cerevisiae mitochondrial gene encod- 
ing the hydrophobic subunit 8 of the FoF, synthase was 
modified by addition at the N-terminus of a cleavable 
matrix-targeting sequence from a nuclear-encoded ATP 
synthase subunit. When introduced into the yeast nu- 
cleus, this modified gene directed synthesis of a subunit 
8 protein that was correctly incorporated into the mitochon- 
drion, and complemented a yeast mitochondrial DNA mu- 
tation in the subunit 8 gene (Nagley et ah, 1988). Similarly, 
Hartl and Neupert (1990) showed that the mitochondrially 
encoded precursor of Neurospora cytochrome oxidase 
subunit II (preCOXII) could be synthesized on cytosolic 
ribosomes and imported into Neurospora mitochondria, 
provided that a matrix-targeting sequence was joined to its 
N-terminus. The matrix-targeting sequence was correctly 
removed, and the resultant preCOXII, identical to the nor- 
mal mitochondrially encoded precursor protein, was sub- 
sequently processed and targeted to its correct submito- 
chondrial location. 

Although similar successful studies on relocation of hu- 
man mitochondrial genes to the nucleus have not been 
reported, cultured cells from patients with the LHON mu- 
tation, and defective in oxidative phosphorylation, would 
be ideal recipients for such gene replacement. A function- 
al mitochondrial ND4 protein, encoded by a nuclear gene 
and modified to contain a matrix-targeting,sequence, could 
be det cted by complementation of the defect in oxidative 
phosphorylation. 

A similar gene-replacement th rapy for a mutant mito- 
chondrially encoded tRNA might s em mor faff tched. 
However, import of nucl ic acid into mitochondria has 
been report d. Vestweber and Schatz (1988) chemically 
coupl da single- or double-strand d 24 bp piece of DNA 
to a (nuclear-encod d) mitochondrial precursor protein. 
Th yshow d that the DNA-prot incompl x was imported 
into the yeast mitochondrion and, in most cases, the ma- 
trix-targeting sequence was r moved. 



More relevant though, are the studies of Chang and 
Clayton (1989, and references therein) on a mitochondrial 
processing endonuclease that is essential for cleavage of 
a particular mitochondrial RNA in one step of mitochon- 
drial DNA replication. The enzyme is a ribonucleoprotein 
whose 136 base RNA component is a nuclear gene prod- 
uct. The single-copy gene encodes a 275 base uncapped 
primary transcript that is subsequently processed. How 
the RNA is imported into the mitochondrion and where the 
5'-most 139 bases are removed are not known. However, 
either the RNA itself or a protein to which it is bound pre- 
sumably contains some mitochondrial targeting informa- 
tion. Possibly additional sequences of ribonucleotides 
linked to the 236 base precursor are also taken up into the 
organelle. We note that all mitochondrial tRNAs are gener- 
ated by cleavage of long RNA precursors that also en- 
code mitochondrial mRNAs or rRNAs. Thus as an exam- 
ple, the mitochondrial tRNA Ly8 flanked by these cleavage 
sequences and linked to the 236 base precursor of the en- 
donuclease RNA might be correctly processed after up- 
take into the mitochondrion. 

Lest one become too optimistic about the possibilities 
of gene therapy for diseases caused by mutations in mito- 
chondrial DNA, it must be pointed out that the major af- 
fected tissues, such as optic neurons and striated muscle, 
contain nondividing cells. Myoblast nuclei, for instance, 
cease DNA synthesis before the cells fuse to form a multi- 
nucleate syncytium. Vectors for generation of stable trans- 
formants of mammalian cells, such as retroviruses, re- 
1 quire DNA replication for insertion into genomic DNA. 
Thus, if gene therapy for these diseases is to be consid- 
ered,' it may require development of vectors that can be re- 
tained and expressed in nondividing cells. 
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In Vivo Transfer of a Reporter Gene to the Retina 
Mediated by an Adenoviral Vector 

Tiansen Li,* Michael Adamian* Dorothy J. Roof* Eliot L. Berson* Thaddeus P. r*yja* 
| Blake J. Roessler^ and Beverly L. Davidsonf 

Purpose, The ability of replication-deficient adenovirus to mediate gene transfer to retinal t ' < 
was evaluated. 

Methods. A replication-deficient adenoviral vector, AdCMV0A.n/facZ, which contains the 'oac- 
terial 0-galactosidase {lacZ) reporter gene, was injected into the subretinal space of nonral, rd t 
and rds strains of mice at various ages. The efficiency and duration of transgene expression 
were assessed by histochemical examination and transmission electron microscopy. 

Results. AdCMV PA.ntlacZ was effective in mediating gene transfer to the retinal pigment epi- 
thelial cells, rod and cone photoreceptor cells, and cells in the inner nuclear layer of the retina 
for periods of up to 1 month. Gene transfer to retinal pigment epithelial cells occurred at 
much lower viral titers than was required for gene transfer to photoreceptor cells. The extent 
to which photoreceptor cells could be transduced varied with the age of the animals and the 
conditions of the photoreceptor cells: greater numbers of photoreceptor cells were trans- 
duced in 5- to 7-day-old pups and in mice at the initial stages of photoreceptor degeneration 
than in normal adult mice. No evidence of gross pathogenic effects or viremia in recipient mice 
f was observed. 

; Conclusions. Replication-deficient adenovirus mediates transfer and expression of a foreign 

gene in retinal pigment epithelial and photoreceptor cells. Gene transfer to photoreceptor 
{ cells is enhanced in developing retinas or at the predegenerate stage of photoreceptors in 

\ genetically programmed retinal degeneration. Invest Ophthalmol Vis Sci. 1994;35:2543- 

2549. 



Ketinitis pigmentosa (RP) is the name given to a 
group of inherited retinal degenerative diseases. Mu- 
tations in three genes— opsin, the fi subunit of rod 
cGMP phosphodiesterase, and peripherin/nfr-have 
thus far been identified to cause RP. 1 " 5 Each of these 
genes is expressed primarily or specifically in the pho- 
toreceptor cells. In the rd and rds mouse models for 
RP f which carry null alleles of the genes for the 0 sub- 
unit of rod cGMP phosphodiesterase and peripherin, 
respectively, germline introduction of functional gene 
constructs rescued the photoreceptor cells from genet- 
ically programmed degeneration. 6,7 This raises the pos- 
sibility that specific and local in vivo introduction of 
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genes into the photoreceptor cells as a replacement 
for certain mutant alleles could potentially be a viable 
approach to treatment. Such gene replacement ther- 
apy for recessive RP, as well as potential therapies 
aimed at alleviating the effects of dominant RP alleles, 
such as antisense, antigene, or ribozyme strategies, 8 " 11 
must have as a prerequisite the ability to deliver ge- 
netic elements to retinal cells in vivo. 

Physical, chemical, and biologic methods have 
been evaluated for in vivo transfer of foreign genes 
into somatic tissues. Among these, the use of gene 
transfer vectors derived from retroviruses proved to 
be effective in mediating stable gene transfer to a wide 
range of tissues, but only if the target cells were under- 
going cell division. However, cells in the adult neural 
retina are postmitotic and are therefore not receptive 
to ret rovirus-mediated gene transfer. Replication-defi- 
cient herpes simplex virus 1 (HSV-1) may hold prom- 
ise for gene transfer to postmitotic neurons, 13 but the 
current versions of HSV-1 -based vectors, most of 
which have a singl immediat early gene inactivated, 
are cytotoxic. 13 In comparison, replicati n-deficient 
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. adenoviruses are less cytotoxic and can be prepared 
and delivered to tissues in vivo at high titers resulting 
in high levels of gene transf r without sev re tissue 
damage. 14 -' 6 Recent work on ad novirus-mediated 
gene transfer to the brain 1 7 -' 9 encourages the idea that 
adenoviral vectors may also be useful for gene transfer 
to the neural retina. In the present study we explored 
the use of replication-deficient adenovirus as a means 
to transfer a foreign gene to retinal cells in normal 
mice as well as in the rd and the rds mice. Our data 
suggest that adenoviral vectors are useful for somatic 
gene transfer to the retina. 

METHODS 
Animals 

The C.B-17 mice, which differ from the Balb/c strain 
only at the Igh-1 locus, were obtained originally from 
Charles Sidman (Jackson Laboratories, Bar Harbor, 
ME). The C.B-17 mice suffer no retinal degeneration! 
The FVB/n mice homozygous for the rd allele were 
obtained from Jackson Laboratories. The homozy- 
gous rds mice in a Balb/c background were provided 
by Richard Sidman and Macy Tang (New England Pri- 
mate Center). Animals were handled in accordance 
with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research. 

Preparation of Viral Suspension for Injection 

The method for adenovirus preparation was modified 
from that described by Graham and van der Eb. 20 The 
construction of AdCMV0A.ntlacZ was essentially as 
previously described except that the nuclear localiza- 
tion sequence from the SV40 large T antigen was 
fused to the 5' end of the lacZ gene. 21 
AdCMV0A.«/ZacZ were amplified on permissive 293 
cells 21 (obtained from American Type Culture Collec- 
tion, [ATCC] CRL 1573) in Dulbecco's modified Ea- 
gle medium supplemented with 10% bovine calf 
serum. Subconfluent cells were infected with 
AdCMV0A.ntUuZ at 10 plaque-forming units (pfu)/ 
cell, harvested 30 hours later and the virus purified by 
CsCl gradient centrifugation. Desalting was then 
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carried out by column chr matography using a Sepha- 
dex G-25 column (NAP-10 column, Pharmacia) equili- 
brated with minimal essential medium. The efflu nt 
containing the virus was centrifuged through a Centri- 
con-100 concentrator (Amicon) to reduce the volume 
to about 100 m1. Viral titers of the concentrated stock 
were typically between 10" to 10 ,2 pfu/ml. Fresh virus 
preparations were used immediately afte - dilution in 
minimal essential medium for subretina' injections. 

In Vivo Delivery 

Mice were anesthetized by intrapeiitr ieal injection of 
sodium pentobarbital. Subretinal i ctions were per- 
formed under an ophthalmic si gical microscope. 
After making a incision slightly behind the ore serrata 
with a microscalpel, a Hamilton yringe with a 1 .3-cm/ 
33-gauge blunt-ended needle was inserted tangentially 
toward the back of the eye. Approximately 0.3 to 0.5 jd 
of viral suspension was injected per eye. Control eyes 
were injected with an equal volume of minimal essen- 
tial medium. Proper delivery into the subretinal space 
was confirmed by the appearance of a partial retinal 
detachment seen by indirect funduscopy. Intravitreal 
injection was performed similarly except that the in- 
jection needle was inserted vertically through the 
neural retina. 

Eight adult C.B-1 7 (normal) mice, 30 C.B-1 7 pups 
(age 5 to 7 days), 1 0 rd pups (age 7 days), and 3 adult 
rds mice (age 2.5 months) were injected subretinally 
with purified AdCMV0A.n</o<:Zat high titer (10 n pfu/ 
ml). This is the highest titer we could routinely obtain 
in viral preparations. Two 7-day-old C.B-1 7 pups were 
injected subretinally with the virus at lower titer (10 s 
pfu/ml), and 2 C.B-1 7 adult mice were injected intra- 
vitreally with the low titer virus (10 8 pfu/ml). Control 
mice were injected witl viral suspension medium. Indi- 
rect funduscopy after subretinal injection of 0.5 /d 
showed a partial retinal detachment over approxi- 
mately one quarter of the retinal area in adult mice 
(Fig. 1), allowing exposure of retinal pigment epithe- 
lium (RPE) and the neural retina to the injected mate- 
rial. This partial retinal detachment usually disap- 
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figure l. A fundus photograph showing partial retinal de- 
tachment after subrctinal injection of 0.5 fd. Arrowheads 
delineate the area of detachment. Shown here is a normal 
adult pigmented mouse retina. 
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peared within 3 days. In all cases one eye of each 
mouse was left uninjected to serve as an internal con- 
trol. 

Hist chemical Examination 

Normal pups were euthanized and eyes were enucle- 
ated and processed for histochemical examinition at 
- 1, 4, 6, or 8 weeks postinjection. The rd t rds t : ad nor- 
mal adult mice were analyzed at 1 week post' jjection. 
Eyes were fixed in 0.5% glutaraldehyde in ? tosphate- 
buffered saline for 1 hour at room tempe uture. The 
anterior segments and the lens were rei*»r ed, and the 
eye cups were incubated at room tern mature for 2 
hours in a solution of 5 roM K s Ff £N) 6 , 5 mM 
'^¥e(CN) 6t 2 mM MgCl 2 , 1 mg/ml 5-bromo-4<hioro- 
3-indolyl-b-D-galactoside (X-gal) in phosphate-buff- 
ered saline at pH 7.8. After staining for kuZ activity, 
the eye cups were postfixed in 2.5% glutaraldehyde 
and 1% formaldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.0) for 1 hour or longer, embedded in 
acrylamide, 22 frozen in OCT compound, and cryosec- 
tioned at 12- to 18-|im thickness. Sections were exam- 
ined either unstained or counterstained with neutral 
red. 
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Electron Microsc py 

Histochemically stained rd mouse eye cups w re post- 
fixed in 2.5% glutarald hyd and 1% formaldehyde in 
0.1 M sodium cacodylat buffer for 1 hour, followed 
by 1% osmium tetroxide in 0.1 M sodium cacodylate 
buffer. The eye cups were then washed a:id dehy- 
drated in a graded series of ethanol solutions and em- 
bedded in Spurr's medium. Ultrathin sections (0.1 jim) 
were cut and stained with uranyl acetate and lead ci- 
trate. The sections were then viewed under a JEOL 
100C electron microscope. 



RESULTS 

In Vivo Gene Transfer to Retinal Cells 

At 1 week postinjection of AdCMV pA.ntlaeZ, gross in- 
spection of the eye cups after histochemical staining 
with X-gal showed lacZ activity in an area encompass- 
ing 25 to 50% of the retina. Light microscopic exami- 
nation of multiple serial sections from this area demon- 
strated lacZ gene expression (blue-staining nuclei) in 
several retinal cell types, including RPE cells, photore- 
ceptor cells, and to a lesser extent, cells in the inner 
nuclear layer (Figs. 2a to 2e). Control eyes injected 
with suspension medium or eyes left uninjected were 
all negative for lacZ activity Throughout the blue- 
staimng areas in viral injected eyes, tocZ-positive RPE 
cells were close to one another, indicating nearly 1 00% 
of the RPE cells were transduced (Figs. 2a, 2d), Adeno- 
virus-mediated gene transfer to RPE was reproducible 
in i mice of different strains and ages. Gene transfer to 
photoreceptor cells, however, was most efficient in 5- 
to 7-day-old paps and in mice whose photoreceptor 
cells were in the early stage of degeneration (Figs. 2d, 
2e) Comparatively, lacZ staining of photoreceptor 
cells in normal adult retina was either absent or limited 
to very small areas where the retinal structures were 
apparendy injured by the injection needle (Fig. 2a- 
additional data not shown). The regions occupied by 
^-positive photoreceptor cells and teZ-positive 
RPE cells essentially overlapped, with the latter consis- 
tently occupying a wider area. However, in the center 
of most abundant photoreceptor cell labeling, there 
were fewer and sometimes no labeled RPE cells, with 
positive RPE cells increasing in abundance away from 
this region. 

To determine whether RPE cells and photorecep- 
tor cells could be transduced at lower multiplicity of 
infection, a low titer viral suspension (10 8 pfu/ml) was 
injected subretinally in 7-day-old normal pups. Upon 
examination 1 week postinjection, we found near uni- 
form labeling of the RPE cells but no labeling of pho- 
t receptor cells. As a comparison, injection of the 
virus at 10 8 pfu/ml intravitreaily resulted in efficient 
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gene transfer to the corn al endothelium and the iris 
pigment epithelium (Fig. 2f ) and retinal ganglion c lis 
but not to cells in the inner and outer nuclear layers of 
the retina (data not shown). 

The percentage of tocZ-positive cells of all types 
decreased over time. In normal mice injected at 5 to 7 
days of age, the abundance of labeled photorec ptor 
cells at 1 week postinjection was simiLr to injected rd 
retina but decreased on average to ess than half of 
that at 4 weeks postinjection (Fig. 2' . At 6 weeks post- 
injection, only few and scattered abeled cells were 

(Fig. 2c). 

Electron Microscopy Analv is 

Precipitates of X-gal reaction product are electron 
dense and can be visualized using transmission elec- 
tron microscopy. 17 To determine whether both rod 
and cone photoreceptor cells could be transduced by 
AdCMVflA.ntlacZ, EM analysis was done on histochem- 
ically stained rd mouse retinas injected with 
AdCMVfiA.ntlacZ 7 days earlier. X-gal precipitates 
were evident in both rod and cone photoreceptor cells 
(Figs. 3a, 3b) and in RPE cells (Fig. 3b). 

Pathogenicity of Subretinally Administered 
AdCMV/JA.ntfacZ 



Photoreceptor outer segments were shorter or absent 
in the areas exposed to the virus when examined at 1 
week postinjection. There was no apparent infiltration 
by inflammatory cells. In adjacent areas not exposed 
to the virus, the retinal structures appeared indistin- 
guishable from uninjected control eyes. Some of these 
local pathologic changes could be attributed to the 
effect of retinal detachment, as control eyes injected 
with suspension medium also displayed some shorten- 
ing of outer segme its, although to a lesser extent. The 
absence of labeled RPE cells in some regions with 
abundant labeled photoreceptor cells might reflect 
acute cell death due to high multiplicity of infection 
and subsequent replacement with replicating adjacent 
RPE cells. Retinas examined at 8 weeks postinjection 
showed a full complement of retinal cell layers and 
inner and outer segments. In some sections, however, 
there were areas with reduced thickness of the outer 
nuclear layer and shortened inner and outer segments 
compared to adjacent areas. 

There were no fatalities due to subretinal adminis- 
tration of AdCMVfiA.ntlacZ. The development of 
mouse pups injected with AdCMVpA.ntta£Z appeared 
similar to that of uninjected littermates. At the time of 
sacrifice, the injected eyes were of comparable size to 
the contralateral control eyes. To determine if the ad - 
novirus could spread outside of the eyes, serum sam- 
ples were taken at 1 and at 4 weeks aft r injection and 
inoculated onto cultures of 293 cells. The cultures 
were serially passaged 5 tim s and did not show any 
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FIGURE S. Transmission electron microscopy analysis of an X-gal-stained retina. Shown is a 
section of FVB/n rd/rd mouse retina injected with KdCWJpX.rUlacZ at 7 days of age. sacri- 
ficed and processed for loci activity 7 days later. LacZ-expressing cells are identified by 
electron-dense particles concentrated around their nuclear membranes, (a) Rod and cone 
photoreceptor cells are distinguishable by their heterochromatin patterns. Representative 
cone (C) and rod (R) photoreceptor cells containing X-gai precipitate, (b) A RPE cell in- 
tensely labeled with lacZ reaction product. A pyknotic cell is seen (arrow). Scale bar, 10 $im. 



evidence of viral infection. Mouse brain, lungs, and 
liver tissues taken at the time of sacrifice and histo- 
chemically stained for lacZ activity were negative for 
X-gal-stained cells. These data suggest that adenovi- 
rus injected into the subi etinal space does not readily 
spread through systemic circulation. 



DISCUSSION 

In the current study, we have demonstrated that a re- 
combinant human adenovirus can mediate the 
transfer and expression of a foreign gene to retinal 
cells under conditions that cause neither a severe 
disruption of retinal structure nor any apparent sys- 
temic toxicity. Importantly, both rod and cone pho- 
toreceptor cells are receptive to gene transfer, as are 
RPE cells. Photoreceptor cells are currently the pri- 
mary target of gene transfer, because the mutant 
genes causing RP identified so far are all expressed 
primarily in the photoreceptor cells. However, given 
the close dependence of photoreceptor structure and 
function on RPE cells, future research may reveal a 
role for RPE cells in some forms of RP, thus making 
them a target for gene transfer as well. Targeting RPE 



cells with recombinant adenovirus has the advantage 
that a lower viral titer can be used, resulting in even 
lower cytotoxicity and higher efficiency of gene 
transfer. 

In these experiments adenovirus-mediated gene 
transfer compares favorably vith HSV-1 -derived vec- 
tors with respect to efficiency of photoreceptor cell 
transduction and pathogenicity. In an earlier set of 
experiments, the efficiency of HSV-I gene transfer to 
photoreceptor cells was consistently low, possibly be- 
cause of the inability to purify HSV-1 to very high 
titers. 2 * Furthermore, even at the relatively low titer of 
1 0 7 to 1 0 8 pfu/ml, there were gross pathogenic effects 
as evidenced by failure of eye development in some 
cases and neurologic symptoms after subretinal injec- 
tion in young pups (ref 23 and unpublished data). 
Thus, currently, adenovirus-mediated gene transfer 
appears to be technically superior to HSV-based vec- 
tors for the introduction of foreign genes into the ret- 
ina. 

In vivo gene delivery to photoreceptor cells pre- 
sents a significant challenge relative to other cell types 
in the eye. In normal adult mice, subretinal injection 
of AdCMV0A.n//<icZ at 10" pfu/ml results in essen- 
tially 100% transduction of RPE cells, with no gene 
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transfer to photorec ptor cells. In 5- to 7-day-old pups 
and in mice carrying mutations that cause retinal de- 
generation, how v r, AdCMV fiA.ntlacZ readily trans- 
duced photoreceptor cells. In contrast, RPE cells, th 
corneal endothelium, and the iris pigment epithelium 
were efficiently transduced at a titer of 10 8 pfu/ml, 
and the transfer efficiency was not related to age or 
mutations affecting the retina. One common feature 
shared by the developing redna and pre-degenerate 
mutant mouse retina is that the photoreceptor outer 
segments are shorter or absent. This suggests that the 
long, densely packed outer segments and/or the 
healthy interphotoreceptor matrix in normal adult 
mouse retina may act as a physical barrier to virus-me- 
diated gene transfer. 

The number of cells in the retina expressing the 
reporter gene decreased over time, as has been re- 
ported for similar adenovirus-mediated gene transfer 
experiments in other tissues. Adenovirus DNA report- 
edly remains episomal in infected cells, with the loss of 
transgene expression due to loss of transferred DNA 
or its inactivation without DNA loss. Alternatively, the 
possibility that some transduced cells were lost' be- 
cause of immune reactions against transduced cells 
could not be excluded. Thus, for practical gene ther- 
apy applications, vectors need to be generated that will 
increase the stability of transgene expression. 

In summary, our data demonstrate a novel 
method for gene transfer to the photoreceptor cells in 
developing mice and in mouse models of RP. Thus, 
recombinant adenovirus containing the complemen- 
tary DNAs for the /? subunit of rod cGMP phospho- 
diesterase or peripherin may be effective in rescuing 
photoreceptor degeneration after transduction into 
the rd and rds mice, respectively. Such investigations 
should provide direct information on the feasibility of 
this approach to treating inherited retinal diseases in 
humans. Additionally, these techniques should be gen- . 
erally applicable to basic research into retinal cell phys- 
iology and the regulation of photoreceptor cell-spe- 
cific gene expressions. 
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adenoviral vector, viral transduction, gene transfer, gene 
therapy, retinitis pigmentosa 
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ANALYSIS BY ILLEGITIMATE TRANSCRIPTION OF A MUTATION IN 
THE 5* SPUCE SITE IN EXON 8 OF THE PAH GENE L R, DttYiflk B. 
Perez & M. Uearte . Centra de Biologfa Molecular "Severe Ochoa' CSIC- 
UAM. Cantoblanco 28049 Madrid. SPAIN. 

Up to now, 12 splice defects have been described within the PAH gene. Using 
PCR-SSCP and sequence analysis we have found a point mutation involving 
the last nucleotide in exon 8 (CAQI CAAJ. The G to A substitution does not 
alter the aminoacid (Q304Q), but it may cause a splice defect, as it is included 
in the 5 splice donor site, and the G at this position is highly conserved (80%) 
in all eukaryotic genes. We have analysed by illegitimate transcription the PAH 
mRNA in lymphocytes of a patient bearing the mutation in heterozygous 
fashion. After RT-PCR we observed once the appearance of an extra larger 
band, which could be due to the use of a cryptic splice site instead of the 
mutated one. Furthermore, sequencing of 6 clones of the band of expected size 
in the patient revealed that all had the normal sequence, in spite of the G to A 
substitution being found in the genomic DNA. In view of these results, we 
believe that the larger extra band represents the allele with the mutation which 
causes a highly unstable mis-spliced RNA. This splice defect could be, 
therefore, the disease causing mutation in the patient. 
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Isolated respiratory chain enzyme deficiency in patients with a mitochondrial 
(encepha)o-) myopathy: sequence analysis of the mitochondrial complex I and 
IV p<*« n He VrW. I. de Coo 1 . P. Buddieer 1 . W. Ruitenbeelc*. R. Alhn^hf 
and B. van Post' . 'Department of Human Genetics, University Hospital, 
Nijmegen, The Netherlands, J Metabolic Division, Department of 
Pediatrics/Neurology, University Hospital, Nijmegen, The Netherlands, 
*Zentrum fur Humangenetik, Univentitat Bremen, Bremen, Germany. 

The mitochondrial respiratory chain consists of four enzyme complexes. 
Deficiencies of complex I (NADH dehydrogenase) and complex IV (cytochrome 
c oxidase) are frequently found in muscle biopsies from patients with a 
mitochondrial (encephalo-)myopathy. Mutations in the mitochondrial encoded 
subunits have been observed in a number of different mitochondrial (encephalo- 
Jmyopathies. We screened eight mitochondrial (encephalo-)myopathy patients 
with an isolated complex I deficiency for mutations in the ND genes by direct 
sequencing. No abnormality was detected. We also studied 9 mitochondrial 
(encephalo-)myopathy patients and an isolated complex IV deficiency. In the 
muscle biopsy of one patient a novel heteroplasmic mutation (T ■* C) at nucle- 
otide position 6681 was found in the mitochondrial COX I gene. This mutation 
led to the substitution of a conserved Tyr for His. As this mutation changed the 
secondary structure of the protein and was not found in the healthy mother, we 
consider it likely that this mutation is pathological. In the other patients no 
abnormality was detected. Therefore, mutations in the mitochondrially-encoded 
subunits are not a frequent cause of isolated respiratory chain enzyme 
deficiency. 
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A new agarose matrix for single-strand conformation polymorphism (SSCP) , 
heteroduplex (HTX) , and gel shift analyses. f( M. M. Dumals 1 , H. W. 
White 1 , M. R. Rashid 1 , J. Choi 2 , and G. Ruano 2 .7) X FMC BioProducta, 
Rockland, ME, and 2 BI0S Labs., New Haven, CT. Intro, by: Ivan Balazs 

Detection of nutation, by SSCP or heteroduplex analysis, is • important 
in medical genetics and oncology. Analysis of UNA binding proteins is a 
powerful tool tn molecular biology research. Traditionally, these 
methods are performed using nondenaturing gel electrophoresis on poly- 
acrylamide or polyacrylamide-type matrices. Here we report the develop- 
ment of a new agarose gel matrix that can be used for all three methods. 
SSCP analyses were performed using the prototype agarose gel matrix for 
wild- type, polymorphic, and mutant samples from c- Kras exon 12, p53 
exons 8 and 9, and H0X2B. We performed SSCP analyses using both iso- 
topic and nonisotopic methods. We also analyzed the samples by deliber- 
ate HTX formation and subsequent gel analysis. Using the prototype 
agarose matrix, we detected single and multiple DNA sequence variants in 
150-350 bp fragments with an efficiency comparable to polyacrylamide 
gels run under similar conditions. For SSCP and HTX assays, we achieved 
optimal resolution in gels run in vertical formats. However, some HTX 
samples could be resolved in horizontal gel systems. In addition, based 
on our studies, we have developed a useful battery of controls and 
standards for quality control of SSCP and HTX assays. We analyzed 
several different DNA/protein complexes (SP1, AP2, and octamer binding 
protein) using the prototype agarose matrix. We obtained good resolu- 
tion in both vertical and horizontal gel formats. The horizontal gel 
system is generally superior for this application, due to its ease of 
use and slightly better resolution. 

This new prototype gel matrix offers an alternative for researchers 
performing analyses that previously could only be done on polyacrylamide 
type gel matrices. For some applications, this new matrix offers the 
ease of horizontal gel casting. For all applications, this matrix 
offers the safety of a nontoxic system and the reproducibility of a 
thermally gelling system. 
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Analysis of GLRA I in familial and sporadic hyperekplexia. 

FY FJmslic 1 . M Rees ' . A Covanis 2 . P Baxter 3 . D Gardner-Medwin 3 . A Curtis 4 . 

J Bum 4 . RM Gardiner ' . 

I. Department of Paediatrics, UCL Medical School, London. UK. 2. Aghia Sofia 
Hospital, Athens. Greece. 3. Newcastle District Hospital, UK. 4. Department of 
Human Genetics, University of Newcastle. UK. 

Hyperekplexia or familial startle syndrome is an autosomal dominant 
condition, causing an exaggerated startle response to unexpected stimuli. Infants 
have variable hypertonia in the neonatal period, with a startle reponse causing 
sustained muscular contraction. The gene was localised to chromosome 5q in 1992 
( I) and subsequently mutations were detected in the alpha, subunit of the glycine 
receptor in four large pedigrees with hyperekplexia (2). 

Eight probands with hyperekplexia have been ascertained, including three 
sporadic and four familial cases. In one pedigree hyperekplexia appears to be 
associated with spastic paraparesis, and the hyperekplexia/spastic paraparesis is 
linked (o marker loci on chromosome 5q (3). 

Genomic DNA was extracted from white cells. GLRA I exons were 
amplified from genomic DNA by PCR using specific oligonucleotide primers 
(courtesy of Dr J Wasmuth). Amplified exon 6 fragments are being screened for the 
previously described mutations by restriction enzyme analysis using Bfal and 
Xhol. In addition, all exons have been screened by single-stranded conformational 
polymorphism (SSCP) and are currently being screened by heteroduplex analysis. 
No sequence changes have been detected to date. Products displaying aberrant 
bands on screening wilt be analysed further by di-deoxy sequencing. 
References 
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Progress in Gene Targeting and Gene Therapy for Retinitis Pigmentosa. (GJ.Fanar. M 
M.Humphries, A.Erven, P.Kenna,D.Sheils, P.Creighton, RMcCarrickXCMansergh 
and RHumphries). Wellcome Ocular Genetics Unit. Trinity College, Dublin 2, Ireland 

j 

Previously we localised disease genes involved in Retinitis Pigmentosa (RP). an 
inherited retinal degeneration, close to the rhodopsin and peripherin genes on 3q and 
6p. Subsequently, we and others identified mutations in these genes in RP patients. 
Knowledge of the pathogenesis of some forms of RP ha* stimulated the establishment 
of methods to elucidate mechanisms by which mutant proteins result in photoreceptor 
cell death. Currently animal models for human retinopathies are being generated using 
gene targeting by homologous recombination in embryonic stem (ES) cells. Genomic 
clones for retinal genes including rhodopsin and peripherin have been obtained from a 
phage library carrying mouse DNA isogenic with the ES cell line (CO. 2). The 
peripherin clone has been sequenced to establish the genomic structure of the mouse 
gene. Targeting vectors for rhodopsin and peripherin including a rjeonrycin cassette for 
positive selection and thymidine kinase genes enabling selection against random 
intergrants are under construction. Progress in vector construction will be presented. 

Simultaneously we are developing systems for delivery of gene therapies to retinal 
tissues utilising replication deficient adenovirus (Ad5). Efficacy of infection subsequent 
to various methods of intraocular injection and with varying viral titers is being assayed 
using an adenovirus construct containing a CMV promoter LacZ fusion as reporter and 
the range of tissues infected and the level and duration of LacZ expression monitored. 
Retinas from transgenic mice (Rho-31) containing a rhodopsin promoter LacZ fusion 
directing expression to photoreceptor cells are being ased as positive controls for 
histological procedures. Data on possible viral infection of optic nerve and brain tissues 
after injection will also be reported. Viral constructs with the LacZ reporter gene under 
the control of retinal specific promoters such as rhodopsin and IRBP cloned into 
pXCJL. 1 are under construction. An update on developments in photoreceptor cell 
directed expression of virally delivered genes will be presented. (This research is 
supported by the Wellcome Trust, the US National, British and Irish RP Societies, the 
Gund Foundation, the EU Science program and the Ulverscroft Foundation). 
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Correction of fumarylacetoacetate hydrolase deficiency (type I tyrosinemia) in 
cultured human fibroblasts by retro vi ral - mediated gene transfer. ( fD. PhaneufA M 
Hadchouel2 . C. Brechot 1 . N. Ferry* and RM. Tanguav 3 .)) (1) INSERM U370. 
CHU Necker Enfants Malades, Paris. France (2) INSERM U347, CHU Kremlin 
Bicetre. France and (3) Laboratoire de gen<tique cellulaire et dCveloppementale, 
Universite' Laval, Ste-Foy (Quebec), Canada. 

Type I hereditary tyrosinemia (HTI) results from an inherited deficiency in 
fumarylacetoacetate hydrolase (FAH), the enzyme involved in the last step in 
tyrosine catabolic pathway. We have constructed recombinant retroviral vectors 
carrying the cDNA encoding human FAH. In the present report we show that these 
vectors are able to restore FAH activity stably in primary fibroblasts from HTI 
patients. Moreover, infected fibroblats displayed an increased resistance to the 
toxic effect of fumarylacetoacetate, the substrate of FAH which accumulates in 
HTI. The possibility to express FAH stably in deficient patients represents a first 
step towards future gene therapy for type I hereditary tyrosinemia. 
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Functional Abnormalities in Transgenic Mice Expressing a 
Mutant Rhodopsin Gene 

Yoshmobu Goto*f Neal S. Peacheyft Hants Ripps* and Muna I. MwmA+§ 

Purpose. To evaluate the consequences of the expression of a nui'am mouse opsin gene on 
rod- and cone-mediated function. Experimental conditions were chosen to provide a basis of 
comparison to the results reported for patients with autosomal dominant retinitis pigmentosa 
(ADRP) in whom the proline at position 23 has been replaced by a histidine (P23H). 
Methods. The mutated gene product resulted in three substitutions in the rhodopsin molecule- 
P23H. glycine for valine at position 20 (V20G), and leucine for proline at position 27 (P27L). 
Mice positive for the transgene were differentiated from normal littei mates bv the polymerase 
chain reaction. Etectroretinograms (ERGs) were obtained from anesthetized mice between 1 
and 9 months of age. After photically bleaching approximately 18% of the available rhodopsin. 
the time course of rod dark adaptation was examined bv monitoring rod ERG amplitude 
recover). Rhodopsin densitometry was used to determine the relative amounts of rhodopsin 
in the retinae of normal and transgenic mice. 

Results. ERGs obtained from transgenic mice showed a significant reduction in rod-mediated 
response amplitude at 1 month of age and a relatively slow progressive decrease thereafter. 
Cone-mediated ERGs, on the other hand, were near!; normal in amplitude for approximately 
the first 5 months after birth, but at later ages response amplitudes also underwent a progres- 
sive decline. In the normal retina, rod ERG amplitudes returned to prebleach levels within 
30 minutes, whereas in transgenic mice response amplitudes did not recover within a 2- 
hour test period. The age-related decline in rod-mediated clectroretinal potentials seer, in 
transgenic mice was paralleled by a concomitant fall in rhodopsin density, and the sensitivity 
losses obtained elect roretinographically could be accounted for solely on the basis of reduced 
quantal absorption. 

Conclusions. The pattern of functional changes seen in the transgenic mice are in good 
agreement with those reported in patients with ADRP with the P23II mutation in the rhodop- 
sin gene. Particularly noteworthy is the fact that the changes in rhodopsin density and visual 
sensitivity are associated with a progressive shortening of the rod outer segments; the histologic 
changes induced by the disease process in patients with ADRP have vet to be determined 
Invest Ophthalmol Vis Sci. 199">;3f>:o2-7l. 



VFenomic analysis of patients with autosomal domi- 
nant retinitis pigmentosa (ADRP) has provided con- 
vincing evidence that various subtypes of ADRP can 
result from mutations in the gene encoding rod opsin, 
a protein that binds 1 i-m-retinal to form the visual 
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pigment, rhodopsin. 1 '" The genetic defect results in 
point mutations in one or another of the amino acids 
that constitute the polypeptide chain in the disk mem- 
branes of the rod outer segments and leads ultimately 
10 the loss of visual cells and blindness. 

Transgenic mice with rhodopsin mutations at 
comparable sites rxhihit disorders of a similar nn- 
uirev'- 1 ' Recently, Naash et al m 1 1 described a slow reti- 
nal degeneration in transgenic mice expressing an 
opsin gene with three point mutations within a seven 
amino acid sequence near the N-terminus. One of 
these mutations involves the replacement of proline 
with histidine at position 23 (P23H), a substitution 
(hat occurs also in human patients with ADRP.' 
The other two mutations, substituting glycine for va- 
line at position 20 (V20G) and leucine for proline 
at position 27 (P27L), have not been associated with 
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Transgenic Mice Expressing a Mutant Rhodopsin Gene 



6) 



human ADRP, and they were included 10 enhance 
antibody recognition of the mutant rhodopsin and 
differentiation of normal and transgenic mice. Ani- 
:r. ( !is expressing the mutated opsin gene will he re- 
ferred to as VPF mice. These mice display retinal alv 
normalities that mimic in two import ni respects the 
tenures of human ADRP in which the P23H mutation 
hiu. been implicated: (i) the degenerative changes in- 
volve both rod and cone photoreceptors, with a con- 
comitant decline in the magnitude of the liglu-evoked 
electroretinogram (ERG), and (ii) the visual loss prog- 
resses at a comparatively slow rate; visual (unction, 
measured electroretinographically, is retained for sev- 
eral months, a relatively long period in the life of 
animals whose longevity rarely exceeds 2 years. In ad- 
dition to these functional aberrations, earlier stud- 
ies'"" have demonstrated an age-dependent reduc- 
tion in the length of the rod outer segments and a 
decrease in the cellular content of the outer nuclear 
layer. 

In the present study, we provide additional evi- 
dence that the transgenic mice mimic the human con- 
dition in terms of the relative losses of rod- and cone- 
mediated function and the time course of recovery of 
rod-mediated function after exposure to a bright, 
light-adapting field. In addition, we have attempted 
to address more directly the putative mechanisms that 
link the gene mutation with the pathogenesis of the 
degenerative process. One interesting hypothesis, put 
forth recently'" to account for the progressive loss of 
visual cells and the decline in photic sensitivity, sug- 
gests that the mutation in some forms of retinitis pig- 
mentosa (RP) may lead to the formation of a constitu- 
lively active' rhodopsin, ,7,H that is, a molecular species 
that continuously activates the transduction cascade 
and presumably induces pathologic changes that 
mimic the toxic effects of prolonged light exposure. 
To examine this possibility in VPP mice, we analyzed 
the electroretinographic responses and rhodopsin 
content of transgenic animals relative to that of nor- 
mal littermates. Our results do not provide support 
for the notion that the opsin mutation leads to a eon- 
stitutively active rhodopsin in this transgenic model 
of ADRP. Rather, ^-nativity losses in the dark-adapted 
retina can be attributed to reduced quantal absorption 
by rhodopsin, a consequence of the reduction in the 
length of the rod outer segments and the concomitant 
loss of visual cells.'"" 



MATERIALS AND METHODS 
Transgenic Mice 

As described previously/ 0 " the transgene was con- 
structed by oligonucleotide-directed mutagenesis and 
ins'Ttion of a n*u*3» r, d fner: I:»imM* 10 i 
comprising the co. .;?le-e ; inn,- opsin gene. I lie fi- 



nal transgene consisted of a 15-kb mouse opsin geno- 
mic fragment thai contained (Vkb upstream and 3.5- 
kb downstream sequences, and in which a part of the 
wild ivpe exon 1 of the opsin gene was replaced bv a 
fragment containing the mutations. Transgenic mice 
were identilied by the presence of the restriction frag- 
ment length polymorphism that was created in (he 
transgene. Polymerase chain reaction amplification of 
exon 1 with primers W75/W1 1. followed by digestion 
with Ncol. reveals three fragments in wild-tvpe mice 
of 689 bp, 431 bp. and 197 bp. Transgenic mice have 
an additional (689 bp + 197 bp) fragment due to the 
deletion of the Ncol site. The retinal degeneration is 
inherited as a dominant trait in a Mendelian fashion. 
Therefore, in the heterozygotc to normal matings 
used to generate the mice studied here, -50% of the 
offspring are transgenic and -50% are normal. Each 
mouse was tested without the experimenter knowing 
if the mouse was transgenic or normal. All procedures 
adhered to the ARVO Statement for the Use of Ani- 
mals in Ophthalmic and Vision Research. 

Electroretinography 

Mice were anesthetized with an intraperitoneal injec- 
tion of 15 /il/g body weight of a saline solution con- 
taining ketamine (1 mg/ml), xylazine (0.4 mg/ml), 
and urethane (40 mg/ml). The pupil was dilated with 
2.5% phenylephrine HCI, and the animals were 
placed on a heating pad. Electroretinograms were re- 
corded using a coiled stainless steel wire contacting 
the anesthetized (1% proparacaine HCI) corneal sur- 
face through a layer of 1% methylcellulose. A similar 
wire placed in the mouth and a needle electrode in- 
serted in the tail served as reference and ground leads, 
respectively. Responses were differentially amplified 
(half bandpass: 1 to 1000 Hz), averaged, and stored 
using a Nicolet (Madison, WI) Pathfinder II signal 
averaging system. Strobe flash stimuli (/ < 1 msec) 
were presented in a Nicolet ganzfeld (GS-2000), either 
in the dark or superimposed on an adapting field. 

Electroretinograms were recorded in two sessions. 
In the first, dark-adapted, luminance-response func- 
tions were obtained using flash luminances ranging 
from -3.13 to 0.85 log cd-sec/nr. Stimuli were pre- 
sented in order of increasing luminance, and the re- 
sponses to two successive flashes at each intensity were 
averaged. A 30-second intcrflash interval was used tor 
the five lowest luminance flashes; a 1 -minute interval 
was used for the eight higher luminances. The animals 
were then exposed to a 1.60 log cd/nr light-adapting 
field, and, after a period of 10 minutes during which 
responses reached a stable amplitude,** 0 ERGs were 
elicited at flash luminances ranging from -0.23 to 
0.85 log cd-sec/nr. At each luminance, responses to 
50 successive flashes presented at a rate of 2.3 Hz were 
averaged. 

in the second session, ERG ucordings were ob- 
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tained during dark adaptation alter a 3-minute expo- 
sure to a bright preadapting field (2.4 log cd/nr) 
tlv»t bleached approximately 18% of the rhodopsin 
content of the retina. This study was limited to 2- 
month-old mire, because in older transgenic animals 
the ERGs were too small to record during the initial 
phase i i dark adaptation. For each animal, live base- 
line (dark-adapted) responses were recorded to a stan- 
dard low luminance flash ( -2. 12 log cd-sec/nr ) . Alter 
the light-adapting field was extinguished, the standard 
flash was used to monitor response recover)- at various 
times in darkness. This protocol was continued until 
ERG amplitude returned to baseline or the mouse 
awoke from anesthesia. In several mice, a control con- 
dition was used to determine the contribution of cone- 
mediated activity to the dark-adapted ERG. For these 
experiments, stimuli were superimposed on an adapt- 
ing field (0.91 log cd/nr) that suppressed rod func- 
tion but had little effect on cone-mediated poten- 
tials." 1 

Rhodopsin Densitometry 

In situ measurements of rhodopsin density were ob- 
tained with a modified microscope-based fundus re- 
flectometer" adapted for measurements on isolated 
retinas mounted receptor-side tip on a circular disk 
of filter paper. Details of the rapid scan, computer- 
based instrument have been described previously.-' ' 
Briefly, absorbance difference spectra were derived 
from transmissivity data recorded at 25 wavelengths 
ranging from 410 nm to 700 nm. The density differ- 
ences [ AD J represent the wavelength variation in ret- 
inal transmissivity between scans recorded from a 
dark-adapted retina and again after the retina had 
been exposed for 2 minutes to an intense yellow light 
(Wratten 16; 460 mW/mnr) that bleached virtually 
the full complement of available rhodopsin in the test 
area of the measuring beam. It is important to note 
that the value of AD* does not represent the rhodop- 
sin density for light passing axially through the rod 
outer segments. Even when measured in vivo, the ab- 
sorbance changes are diluted by stray light, that is, 
that fraction of the light reaching the photocell that 
has passed through the interstices between photore- 
ceptors.' 1 In the isolated retina, additional factors con- 
tribute to significant reductions in the measured alv 
sorbance changes, namely, disorientation of receptor 
outer segments with respect to the path of the incident 
light, and the luss of outer segments during the de- 
h tach merit and removal of the retina. '* Nevertheless, 
ok ici imi<]ue provides a reliable means by which to 
compare the relative content of rhodopsin in normal 
and diseased retinae. 1 ,1,J "" S 

RESULTS 

Figure 1 >\\ow* rep;e>: «*aii»i Ftf- .vcouliug* f v oi>! 
2-month-old normal mouse ami from VPP mice of 



various ages in response to flash stimuli delivered un- 
der dark-adapted conditions (Fig. I A) and presented 
on a steady background field of 1.60 log cd/nr (Fig. 
It)). Flash luminance was the maximum available 
(0.85 log cd-sec/nr). It is evident that the amplitudes 
of the dark-adapted responses from transgenic ani- 
mals were reduced as early as I month after birth and 
that there was a further reduction in the recordings 
from older animals. The light-adapted recordings 
from VPP mice gave a somewhat different picture (Fig. 
IB). Response amplitudes appeared io be relatively 
unaffected until approximately 5 months of age and 
declined thereafter; by 9 months of age, however, the 
light-adapted response also was markedly reduced. 

Rod and Cone Contributions to the ERG 
Waveform 

There is good evidence to indicate that mouse ERGs 
evoked by incremental flashes superimposed on a 
background luminance of 1.60 log cd/nr (Fig. IB) 
are mediated by the cone mechanism.' 0 but the rela- 
tive contributions of the rod and cone systems to the 
dark-adapted potentials are not immediately appar- 
ent. Figure 2 shows results that address this question 
experimentally. In Figure 2A, the test flash was deliv- 
ered first to the dark-adapted eye (dashed lines) and 
then on a background field (0.91 log cd/nr, continu- 
ous lines) that exerted a strong suppressive effect on 
rod-mediated responses but had little eft eel on cone- 
mediated potentials. 21 The recordings from a normal 
(N) and a -Vmonth-old transgenic (VPP) mouse indi- 
cate that the cone-mediated receptor potential makes 
only a negligible contribution to the dark-adapted a- 
wave in normal and transgenic mice. However, there 
is a substantial cone contribution to the dark-adapted 
b-wave recorded from the normal retina, and this com- 
ponent becomes even more prominent in the dark- 
adapted responses of the VPP mice owing to the pro- 
found loss of rod-mediated activity. On the other 
hand, when a dim test flash was presented to the dark- 
adapted eye, a b-wave-dominated response was elicited 
(Fig. 2B, dashed line); in this case, the test flash was 
reduced by almost 3 log units (to -2.12 log cd-sec/ 
m") as compared with that of Figure 2A. More im- 
portant, no response was detectable to the same test 
flash when superimposed on the weak adapting field 
(Fig. 2B, solid line), indicating that only rod-mediated 
responses are activated at this stimulus intensity. 

Progressive Changes in the Electroretinal 
Potentials 

The age-related changes in dark- and light-adapted 
KRG (oniponents of transgenic mice are illustrated in 
Figures 2C and 2D, respectively. As mentioned earlier, 
a significant reduction in the ERG amplitude was al- 
ii ady evident in the dark-adapted responses of VPP 
mice at 1 month of age (Fig. 2C). Both the a- and b- 
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FIGURE i. Electroretinograms obtained from representative normal and VPP mice oi differ- 
ent ages to a 0.85 log cd-sec/nr flash stimulus (A) presented to the dark-adapted eye, or 
(B) superimposed on a background Held of l.fiO log cd/nr. Vertical dashed lines indicate 
stimulus onset. The amplitude of the a-wave was measured from the prestimulus baseline 
to the trough of the cornea-negative peak (a). The b-wave was measured from the a-wave 
trough to the positive peak (b); b-wave implicit limes (see Fig. 4^ represent the interval 
from flash onset to the b-wave peak. 



wave potentials were approximately one half of nor- 
mal at this stage and declined progressively in the 
responses f rom older animals. Ry 9 months of age, the 
a-wave was no longer detectable with the recording 
methods used here, but the b-wave was still in evi- 
dence. The apparent retention of the dark-adapted \> 
wave probably reflects the greater photic sensitivity of 
this response component" 1 as well as an underlying 
contribution from the cone-mediated b-wave potential 
(Fig.2A). 

Responses recorded under light-adapted condi- 
tions are derived almost exclusively from cone-medi- 
ated activity and, as shown in Figure 2D, exhibited 
very different age-related defects. The b-wave re- 
sponses were only minimally reduced for the first 5 
months after birth, and, although there was a gradual 
decline thereafter, response amplitudes recorded 
from 9-month-old animals were still about one third 
of normal at this relatively advanced age. 

The Temporal Course of Dark Adaptation 

Figure 3 illustrates the time-dependent changes in the 
ERG b-wave after exposure to a preadapting light (2.4 
log cd/m") that bleaches approximately 18% of the 
available rhodopsin in a normal retina. All responses 
were elicited with a constant i.; st luminance (-2.12 
log cd-sec/nr); note that with this intensity' test flash 
(see Fig. 2B), only the rod system was activated 
throughout th? covrr 'if r \.-:\ .ic ?n ; To ium ■ 

mize intersubject diflereiAVS in uosolmc amplitude, 



responses for each mouse are expressed as a percent- 
age of the average dirk-adapted baseline for that 
mouse. After extinguishing the light-adapting field, 
normal mice (open circles) required approximately 
10 minutes for amplitude to recover one half its origi- 
nal magnitude and approximately 25 to 30 minutes 
in darkness to return to the initial dark-adapted level 
In normal mice, the response amplitudes overshot the 
original baseline values. This could be a property of 
the normal retina or may indicate that the retina had 
not been fully dark adapted at the onset oilight adap- 
tation. Data from the VPP mice (filled circles) show 
that the recovery of response amplitude during dark 
adaptation was grossly abnormal. The rate of recovery 
was retarded (t, = 40 minutes), and response ampli- 
tudes did not reach the preexposure level within a 2- 
hour period of dark adaptation. 

Rhodopsin and Retinal Sensitivity 

Table 1 presents data on the rhodopsin density mea- 
surements and a-wave amplitude recordings from nor- 
mal animals and VPP mice at I and 2 months of age. 
Rhodopsin values represent absorbance measure- 
ments (AD X ) at the peak of the difference spectrum 
{ K ~ 510 nm; see Fig. 4B). Note that at comparable 
Age? the two metrics are reduced relative to the nor- 
mal bv approximately the same proportion Thus, al 
1 month of age, the values tor AD M0 and for the a-wave 
amplitude are reduced to 45% and 46% of normal, 
respectively, whereas at 2 months, the corresponding 
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figure 2. (A) Electroretinographic recordings from a normal (N) and a VPP mouse to a 
0.85 log cd-sec/m 2 flash stimulus presented in the dark {dotted lines) or against a 0.91 log 
cd/m' 2 adapting field {continuous lines). Vertical dashed lines indicate the time of flash 
presentation. (B) Responses from a normal mouse elicited with the dim flash used to monitor 
dark adaptation (-2.12 log cd-sec/m 2 ) presented under the same adaptation conditions as 
in (A). Note the absence of an underlying cone component in both the dark- and light- 
adapted responses. (C) Age-related changes in the amplitude of the dark-adapted ERG a- 
wave {circles) and b-wave {triangks). Open symbols represent the mean of 28 normal mice. 
Seven to 10 VPP mice were tested at 1 to 4 months; three to four VPP mice were tested at 
later ages. Error bars indicate ±1 SEM and are omitted when smaller than the plotted point. 
(D) Age-related changes in the amplitude of the cone electroretinographic b-wave; symbols 
as in (C). 
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Minutes in Dark 

FIGURE 3. Rod b-wave amplitude recovery during dark adajv 
tanr"! -JF'er the termination of a 2.4 iog cd/nr background 
field; all responses were elicited with a constant flash lumi- 
nance of -2.12 log cd-sec/m 2 . Amplitudes obtained from 
each mouse are normalized to the average baseline response 
obtained after dark adaptation. Open circles represent aver- 
aged (±1 SEM) results obtained from six normal 2-month- 
old mice. Filled circle:; l-v.Iic.u. resti!'- lnaisn*(i front iu.:. 
2-month-old VPP mice. 



reductions are to 32% and 25% of normal. As shown 
in Figure 4A, this relation applies also when retinal 
thresholds, derived from ERG measurements, are plot- 
ted as a function of the rhodopsin density, expressed 
as percent of normal. Three different indices of 
threshold were used: (i) the luminance required to 
generate a criterion a-wave response of 50 pN (ii) the 
luminance giving rise to a 100 fi\ b-wave, and (iii) the 
luminance required to evoke a b-wave with an implicit 
time of 80 msec (a point thai falls on the linear portion 
of the function relating b-wave implicit time to stimu- 
lus luminance; sec Fig. 4C). The data for each of these 
threshold measures is approximated by a curve (solid 
line) that relates threshold elevations to a decrease in 
the probability of quantal absorption by rhodopsin," 
This so-called "probability function*' has been shown 
to hold in patients with various forms of RP ,wi ' and 
for conditions in which the rhodopsin density mea- 
surements are low due to a reduced length of the 
rod outer segments, for example, in the developing 
retina. 31 The dashed line shows results obtained in 
rat, 12 and represents the log-linear relation between 
b-wave threshold and rhodopsin density that applies to 
situations in which a fraction of the native rhodopsin is 
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table i. Rhodopsin Density and Maximum 
a-Wave Amplitudes of Normal and 
Transgenic Mice 





Number of 


Rhodopsin 


ERG 




Animals 




a-iuave (§iV) 


Noi m;il 


7 


0.152 ± 0.011 


37.5 


VPP 1 momh 


6 


0.070 ± 0.005 


233.5 ± 10.0 


VPP 2 rooiUh 


0 


0.048 ± 0.008 


131.4 ± 18.1 



ERGs were recorded from mice that were dark adapted 
overnight; a-wave data are for responses to a 0.b5 log cd sec/m* 
flash stimulus. One to 2 days later, the same mice were again 
dark adapted and killed, and the retinas were isolated for 
rhodopsin densitometry. Tabulated values give the mean ± SEM. 



depleted either by bleaching* or as a consequence of 
vitamin A deficiency.*^"'* It is clear that the data 
obtained from the VPP mice are not fit well by the 
log- linear relation. 

DISCUSSION 

The main objectives of the present study were to exam- 
ine the effects on retinal function of the expression 
of the VPP point mutations in the murine rhodopsin 
gene and to assess some of the factors that might be 
responsible for the genetically induced abnormalities 
in structure and function. These mutations result in 
a slow degeneration of the rod photoreceptors, as 
demonstrated both histologically 10 ' 11 and by the grad- 
ual reduction in a-wavc amplitude or the rod-mediated 
ERG (Figs. 1A, 2C). Moreover, it appears that the VPP 
mutations exert an effect on the development of the 
rod photoreceptors. Although the inner retina devel- 
ops normally and the outer nuclear layer appears ini- 
tially to contain a normal complement of photorecep- 
tor nuclei, the rod outer segments never achieve the 
length seen in age-matched normal mice and they 
become progressively shorter as the disease pro- 
gresses. 10 " This is consistent with the observation that 
the rod receptor potential (a-wave) is reduced by 
~50% at the earliest age (1 month) at which the ERG 
was tested (Fig. 1 A) and declines as a function of age 
(Fig. 2C). Because the transgene is expressed only in 
rods, the VPP mutations would be expected to spare 
initially the cone system, and the electroretinographic 
results indicate that this is indeed the case. The cone- 
i Mediated ERG amplitudes remained relatively normal 
until approximately 5 months of age, and only then 
did they begin to decrease (Figs. 1 B, 2D) . This observa- 
tion suggests that cone dysfunction occurs subsequent 
to rod degeneration in VPP mice and reflects perhaps 
a structural disorganization of cone piiotoreceptors 
due to the loss of support provided by neighboring 
rods, or to the effects of some toxic by-product of rod 
degeneration, h any eve- dt fVio:* idt - riving i'ic 



various anomalies in the cone ERG remain to be iden- 
tified. 

Abnormalities in the recover) of ERG amplitude 
during dark adaptation (Fig. 3) provide a potentially 
important insight into the nature of the disease pro- 
cess, It is not possible with noninvasive techniques to 
identify the molecular basis for the remarkably slow 
time course over which dark adaptation proceeds in 
the VPP mice. Nevertheless, it is noteworthy that simi- 
lar aberrations have been reported for psychophysical 
measures of dark adaptation in patients who have 
ADRP with the P23H rhodopsin mutation," as well 
as in some individuals with RP involving a different 
rhodopsin mutation 37 or in whom genetic tests were 
not performed. 38 There are obviously a number of 
possible explanations to account for this type of anom- 
aly. The delay could reflect a defect in the processes 
underlying the regeneration of rhodopsin. For exam- 
ple, the VPP mutations might interfere with the pro- 
cess by which rhodopsin is reformed after bleaching. 
The binding site for the chromophore is located 
within the transmembrane domain of the opsin mole- 
cule, 39 but there is evidence to suggest that the pro- 
tein -chromophore interaction may be modified by 
changes in the intradiskal regions of the molecule. 40 
including the N-terminus. 41 Thus, there is the possibil- 
ity that the VPP mutations interfere with the mecha- 
nism by which I l-n>retinaldehyde enters the binding 
pocket of the mutant opsin. Alternatively, a delay in 
dark adaptation could be caused by prolonged life- 
times of pholotransduclion byproducts that desensi- 
tize the rods. 41 ' Photoactivated rhodopsin (R*) is nor- 
mally inactivated by a sequence of events involving 
phosphorylation and arrestin binding. 43 Any interfer- 
ence with these interactions by the mutated opsin mol- 
ecules might produce delays in the recovery of visual 
sensitivity. However, each of the forgoing hypothetical 
scenarios implicates processes initiated by the photo- 
activation of rhodopsin, and there is reason to doubt 
that these types of abnormalities are instrumental in 
triggering the disease process. The results of recent 
studies (Naash et al, manuscript in preparation) have 
shown that VPP mice reared in darkness from birth 
undergo a progressive, albeit slower, retinal degenera- 
tion similar to that seen in animals reared in cyclic 
lighting. Determining the mechanism underlying the 
delayed dark adaptation observed in VPP mice and 
in patients with the P23H form of ADRP is clearly a 
significant question for future studies. 

There remains, of course, the possibility that the 
mutant rhodopsin of VPP mice is a constitutively ac- 
tive molecule that gives rise to a persistent 'dark light.' 
As mentioned earlier, it has been suggested"' that sus- 
tained activation of the transduction process may in- 
duce degenerative changes similar to those produced 
by prolonged exposure to light itself. 44 " 4 *' Interest- 
ingly, there are a number of point mutations that re- 
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suit in opsins capable of constitutively activating trans- 
ducinwhen xpressed in an in vitro assay system. 1 - 1 4 
However, the presence of thes mutations in humans 
results in widely disparate disorders, ranging from 
congenital stationary night blindness 4 " 48 to a rapidly 
progressive form of RP. 6 Neither of these conditions 
is similar in their functional consequences to those 
expressed by the VPP mice or patients who have ADRP 
with the P23H mutation in rhodopsin, nor has it been 
shown unequivocally that under light conditions that 
lead to photic injury, the activation of transducin per 
se is the event that induces the degenerative process. 

Also inconsistent with the equivalent light hypoth- 
esis are the results shown in Figure 4, wherein log 
thresholds (the logarithm of the luminance required 
to achieve a criterion response) are plotted as a func- 
tion of the rhodopsin content of the retina (expressed 
on a linear scale). Studies on a variety of vertebrate 
species, including humans, have shown that denuding 
opsin of its chromophore, whether by photic bleach- 
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ing" 32 49 or vitamin A deprivation,^-*, leads to a 
disproportionately large loss of visual sensitivity rela- 
tive to that expected simply from the decrease in 
quantal absorption. For reasons that are still unclear, 
the results seem to be best approximated by a log- 
linear relationship; b-wave data from rat*" provide a 
good example of this sort of relation (dashed line. 
Fig. 4A), although the slope of the function may differ 
for other species," The results obtained for the VPP 
mice fail to fit a pattern consistent with the equivalent 
light hypothesis. The data points of Figure 4 do not 
deviate significantly from the continuous curve that 
describes the function to be expected if the probability 
of quantal absorption were the sole determinant of 
the rise in threshold. In these circumstances, reducing 
the rhodopsin content of the rods by 50% would pro- 
duce a twofold (0.3 log unit) rise in threshold, whereas 
a reduction of 90% would elevate threshold by only 
tenfold (1 log unit). This is consistent with the short 
rod outer segments of VPP mice seen histologically 
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FIGURE 4. (A) The relation between electrically recorded thresholds (1 /sensitivity) and the 
relative content of rhodopsin in normal (open symbols) and transgenic (filled symbols) mice. 
Three threshold criteria were used: the intensity required to elicit a 50-jiV a-wave (circles), 
a 100-fiV b-wave {diamonds), or an 80-msec b-wave (Jmiiigfis). Data points for normal mice 
(open symbols) indicate the mean (±1 SEM; N~ 7); data points for VPP mice represent the 
averaged (±1 SEM) value for four mice with similar rhodopsin densities, or the value 
obtained from a 7.5-month-old mouse with a low rhodopsin density (data at far right). 
Values for the three measures have been adjusted vertically in order that the normal means 
coincide. The solid line is the function expected if threshold elevation is due solely to a 
reduction in quantal absorption. The dashed line represents changes in b-wave threshold 
recorded during the regeneration of bleached rhodopsin in the rat retina. 1 '' (B) Examples 
of the absorbance difference spectra (DD,) obtained from a normal mouse [open circles) and 
from VPP mice at different ages (1 month, filled circle* 2 months, /ferf triangle* 3 months. 
filled diamonds). (Q Examples of b-wave implicit time functions. The mean normal function 
is represented bv open circles; individual VPP mice are shown as filled symbols. The solid 
lines represent the least-squares fit linear regression to the data spanning the linear range 
of each function. The dashed line indices the 80-msec criterion from which the threshold 
tuiniri -ncc »js cit ...anr«!. 
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and with the ERG evidence that these photoreceptors 
are capable of functioning surprisingly well with this 
degree of structural impairment. 10 

Although it seems difficult to reconcile the reten- 
tion of rod-mediated electrical activity with such gross 
losses in the rhodopsin content of the visual cells, it 
should he noted that similar findings have been re- 
ported in individuals with the P23H rhodopsin muta- 
tion/ 5 as well as in other patients with ADRP in whom 
the gene mutations were not identified. l9 - tt ' 27 This situ- 
ation, and the observation that the rod outer segments 
ofVPP mice become progressively shorter with age, 10 
raise the possibility that one consequence of the opsin 
mutation is an imbalance between the rates of disk 
formation and disk shedding. 19,26 The mutant opsin 
may induce a more rapid rate of disk shedding, or it 
may somehow impede the processes by which newly 
formed opsin is transported to, or inserted into, the 
disk membranes. In either event, the delicate balance 
between new disk formation and disk shedding is up- 
set, and there follows a progressive shortening and 
eventual death of the visual cells. 

It is important to recall that the rhodopsin ex- 
pressed in the VPP mice includes three point muta- 
tions: V20G, P23H, and P27L. Although P23H is re- 
sponsible for some forms of human ADRP, 1 " 5,15 nei- 
ther V20G nor P27L have been identified to date in 
patients with ADRP. r, ° This observation, and the fact 
that proline 23 is highly conserved among normal op- 
sins in a wide variety of species/' 1 make it highly likely 
that the P23H mutation is primarily responsible for 
the retinal degeneration seen in the VPP mice. Never- 
theless, it would be circumspect to determine whether 
mutations V20G, P27L, or both, contribute in some 
way to the degenerative process; lines expressing only 
one or the other of these mutations are necessary to 
address this possibility. Another fundamental issue 
that will be important for our understanding of the 
morphologic and physiological abnormalities ob- 
served in the transgenic animals concerns the func- 
tional status of the opsin induced by the VPP muta- 
tion. At present, we have no evidence as to whether 
the mutant opsin expressed in the VPP mice is capable 
of binding retinoid and interacting with the enzymes 
of the transduction cascade, or indeed whether it is 
inserted into the rod disk membranes. 5 ' 53 These ques- 
tions are currently under investigation, and the out- 
come will obviously influence the interpretation of the 
data presented in this study. 

These issues aside, the results of our experiments 
have identified several important functional similari- 
ties between the VPP mice and human subjects with 
the P23H form of ADRP. Individuals with the P23H 
mutation exhibit a relatively slow rod degeneration 
with initial sparing of cone function/ ,a an unusually 
slow rale of tutrk-ad<ijj- ttion/ ' a»- ' uircsfiold eleva- 
tions that can be ascribed solely to the reduced proba- 



bility of quanta) absorption resulting from the dimin- 
ished rhodopsin content of the rods/ 5 The results of 
the present study indicate that each of these character- 
istics is shared by the VTP mice. In view of the decades- 
long time course of human ADRP, the VTP mice ap- 
pear to provide a useful animal model in which to 
examine die mechanisms by which mutations in the 
N-teiminus region of rhodopsin disrupt the functional 
and structural integrity of the visual cells and lead 
ultimately to a widespread retina) degeneration. 
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retinitis pigmentosa, electroretinogram, visual sensitivity, 
rhodopsin density, transgenic mice 
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VTRIIS RECOMBINANTS ET LEUR UT ILISATION 
EN THERAPIE GENIOUE 

La pr&ente invention concerne de nouveaux virus recombinants, leur 
preparation et leur utilisation en therapie genique, pour le transfert et 1'expression de 
5 genes au niveau de l'oeil. Elle concerne egalement des compositions pharmaceutiques 
comprenant lesdits vims recombinants. Plus particulierement, la presente invention 
concerne des virus recombinants d&fectifs et leur utilisation pour le traitement de 
pathologies oculaires. 

Le traitement des pathologies oculaires, et notamment des maladies 
10 hfreditaires constitue un probleme hon resolu actuellement. Parmi ces pathologies, on 
peut citer par exemple les retinites pigmentaires, qui resultent d'alterations genetiques, 
et pour lesquelles aucun traitement n'est actuellement disponible. Par ailleurs, les 
pathologies non hereditaires telles que les atteintes post-inflammatoires 
(degenerescence retinienne, etc) ne disposent pas non plus aujourd'hui de traitement 
15 adapte. En particulier, si Ton tente d'agir preventivement, notamment au moyen de 
corticoldes, on ne dispose actuellement d'aucun moyen satisfaisant pour traiter ces 
atteintes. 

H est done important de pouvoir disposer d'outils permettant un traitement 
sp6cifique, efficace et localise des pathologies oculaires. La presente invention apporte 
20 une solution avantageuse a ce probleme, en demohtrant la possibility de traiter les 
pathologies oculaires par la therapie genique. 

La therapie genique consiste a corriger une deficience ou une anormalite 
(mutation, expression aberrante, etc) par introduction d'une information genetique 
dans la cellule ou Porgane affecte. Cette information genetique peut etre introduce soit 

25 in vitro dans une cellule extraite de Forgane, la cellule modifiee etant alors reintroduite 
dans Torganisme, soit directement in vivo dans le tissu approprie. Dans ce second cas, 
differentes techniques existent, parmi lesquelles des techniques diverses de transfection 
impliquant des complexes d'ADN et de DEAE-dextran (Pagano et at, I Virol. 1 
(1967) 891), d'ADN et de proteines nucleaires (Kaneda et al., Science 243 (1989) 

30 375), d'ADN et de Iipides (Feigner et al., PNAS 84 (1987) 7413), Temploi de 
liposomes (Fraley et al., LBioLChem. 255 (1980) 10431), etc. Plus recemment, 
l'emploi de virus comme vecteurs pour le transfert de genes est apparu comme une 
alternative prometteuse a ces techniques physiques de transfection. A cet egard, 
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differents virus ont ete testes pour leur capacite a infecter certaines populations 
cellulaires. En particulier, les retrovirus (RSV, HMS, MMS, etc), le virus HSV, les 
virus adeno-associes, et les adenovirus. 

Toutefois, jusqu'i present, aucun de ces vecteurs n'a ete utilis6 ni d6crit 
5 comme utilisable pour le transfert de genes au niveau de Toeil. La presente invention 
constitue la premiere demonstration qu'il est possible de traiter les pathologies 
oculaires par la therapie genique. 

Un premier objet de 1'invention reside dans l'utilisation d'un virus recombinant 
defectif contenant un gene insere pour la preparation d'une composition 
10 pharmaceutique destinfe au traitement des pathologies oculaires. 

Plus particulierement, on utilise selon la presente invention des virus 
recombinants defectifs derives de virus capables d'infecter et d f exprimer un gene insere 
dans les cellules de l'oeil, sans entrainer des phenomenes cytopathologiques ou d'effets 
pathogenes. Des virus susceptibles d'etre utilises dans ftnvention sont par exemple les 

15 adenovirus, les virus ad&io-associes ou encore le virus HSV. 

La presente invention repose plus particulierement sur la mise en evidence 
que les virus de type adenovirus sont capables de transferer et d'exprimer des genes 
desires au niveau de l'oeil. Les exemples presentes plus loin montrent que les 
adenovirus sont capables, selon le mode d'administration, de transferer efficacement, 

20 pour une duree importante et sans effet cytopathologique, des genes dans 
l'endothelium corneen, dans les cellules photoreceptrices, dans les cellules du nerf 
optique, dans les cellules bipolaires, etc. Par ailieurs, compte tenu de Faeces 
relativemant aise aux differents compartiments de l'oeil par la microchinirgie 
(microinjection), ainsi que de Texistence de barrieres naturelles dans cet organe 

25 (membrane de Descemet, membrane de Bruch, cristallin, etc) la presente invention 
permet avantageusement d'effectuer un transfert de genes tres cible, en fonction de la 
pathologie a traiter. Les resultats presentes montrent egalement que l'expression d'un 
gene desir£ est stable sur une longue periode (aucune perte d'activite a 50 jours). 

Dans un mode de realisation prefere, 1'invention reside dans Futilisation d'un • 
30 adenovirus recombinant defectif contenant un gene insere pour la preparation d'une 
composition pharmaceutique destinee au traitement des pathologies oculaires. 

Le terme "virus ou adenovirus defectif 1 designe un virus incapable de se 
repliquer de fafon autonome dans la cellule cible. Generalement, le genome des virus 
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defectifs utilises dans le cadre de la presente invention est done depourvu au moins des 
sequences necessaires a la replication dudit virus dans la cellule infectee. Ces regions 
peuvent etre soit eliminees (en tout ou en partie), soit rendues non-fonctionnelles, soit 
substitutes par d'autres sequences et notanunent par le gene insere. Pr6ferentiellement, 
5 le virus defectif conserve n6anmoins ies sequences de son genome qui sont necessaires 
a Tencapsidation des particules virales. 

S'agissant plus particuli&ement des adenovirus, il en existe differents 
serotypes, dont la structure et les propriety varient quelque pea Neanmoins, ces virus 
ne sont pas pathogenes pour l'homme, et notamment les sujets non immuno-d6primes. 

10 Parmi ces serotypes, on prefere utiliser dans le cadre de la presente invention les 
adenovirus de type 2 ou 5 (Ad 2 ou Ad 5). Dans le cas des adenovirus Ad 5, les 
sequences necessaires a la replication sont les regions El A et E1B. 

Des virus recombinants defectifs derives de retrovirus, de virus adeno- 
assoctes ou du virus HSV (herpes simplex virus) ont deja ete decrits dans la litterature 

15 [Roemer et Friedmann, Eur. J. Biochem. 208 (1992) 211 ; Dobson et al., Neuron 5 
(1990) 353 ; Chiocca et al., New Biol. 2 (1990) 739 ; Miyanohara et al., New Biol. 4 
(1992) 238; WO91/18088]. 

Au sens de la presente invention, le terme "gene insere" designe toute 
sequence d'ADN introduite dans le virus recombinant, dont Texpression dans la cellule 

20 cible est recherchee. 

D peut s f agir en particulier d'un (ou plusieurs) gene(s) de structure codant 
pour une (des) proteine(s) ou pour une partie d f une (de) proteine(s). La proteine ou 
partie de proteine ainsi codee peut etre une proteine homologue vis-a-vis de la cellule 
cible (e'est-a-dire une proteine qui est nonnalement exprimee dans la cellule cible 

25 lorsque celle-ci ne presente aucune patholo^e), ou une proteine heterologue vis-a-vis 
de ladite cellule. Dans le premier cas, Texpression de la proteine permet par exemple 
de pallier une expression insuffisante dans la cellule ou Texpression d'une proteine 
inactive ou faiblement active en raison d'une modification, ou encore de surexprimer 
ladite proteine. Dans le second cas, la proteine exprimee peut par exemple completer 

30 ou apporter une activite deficiente dans la cellule lui permettant de lutter contre une , 
pathologie. 

Parmi les genes inseres au sens de la presente invention, on peut citer plus 
particulierement : 

- les genes impliques dans des pathologies genetiques oculaires, 
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- les genes codant pour des facteurs de croissance, des cytokines ou des 
neurotrophines : Le role protecteur ou curatif du produit d'expression de ces genes 
dans differentes pathologies oculaires a ete demontre, et notamment sur la 
deterioration des cellules photoreceptrices sous 1'efFet de la lumiere (Lavail et al., 

5 PNAS 89 (1992) 11249). 

- les genes de facteurs de regulation (facteurs de transcription, facteurs de 
traduction), 

- les genes codant pour des enzymes, 

- les genes codant pour des proteines ayant des proprietes anticancereuses, 
10 telles que les interferons, les facteurs de necrose des tumeurs, la proteine p53, etc, ou 

encore, 

- les genes codant pour des antigenes permettant une vaccination (une 
protection) locale centre une infection de l'oeil. 

A titre d'exemples specifiques, mais non limitatifs, on peut titer : 
15 . le gene de Tornithine aminotransferase implique dans l'atrophie gyree (Akalri 

et al., L Biol. Chem. 267(18) (1992) 12950), 

. le gene de la rhodopsine, implique dans une forme de retinite pigmentaire 
(Dryja et al., Nature 343 (1990) 364), 

. le gene de la peripherine RDS, implique dans une forme de retinite 
20 pigmentaire (Farrar et al., Nature 354 (1991) 478), 

. le gene de la tyrosinase, implique dans ralbinisme oculocutanee type Bl 
(Giebei et al., Am. J. Hum. Genet. 48 (1991) 1159), 

. le g&ie mitochondrial NDI, implique dans la maladie de Leber (Howell et 
al., Am. J. Hum. Genet. 48 (1991) 935), 
25 . le gene de la sous-unite (3 de la cGMP phosphodiesterase, qui permet de 

ralentir la degenerescence retinienne (Lem et al., PNAS 89 (1992) 4422), 

. le gene de la rab g6ranylgeranyl transferase, dont la deficience semble Iiee £ 
une degenerescence retinienne lors de choroidermies (Seabra et al., Science 259 
(1993) 377), 

30 , le gene du facteur de croissance des fibroblastes basique (bFGF), capable de , 

retarder la degenerescence des cellules photoreceptrices observee dans certaines 
dystrophies retiniennes hereditaires (Faktorovich et al., Nature 347 (1990) 83), 

. le gene de l'interleukine-8, qui permet d ! induire une neovascularisation dans 
la cornee (Strieter et al., Am. J. Pathol. 141(6) (1992) 1279). 
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Le terme "gene insure" designe egalement des sequences antisens, dont 
Texpression dans la cellule cible permet de controler i'expression de genes ou la 
transcription d'ARNm cellulaires. De telles sequences peuvent par exemple etre 
transcrites, dans la cellule cible, en ARN complementaires d'ARNm cellulaires et 
5 bloquer ainsi leur traduction en proteine. 

Generalement, le gene insere comprend egalement des sequences permettant 
son expression dans la cellule infectee. II peut s'agir des sequences qui sont 
natureliement responsables de Texpression dudit gene lorsque ces sequences sont 
susceptibles de fonctionner dans la cellule infectee. II peut egalement s'agir de 

10 sequences d r origine differente (responsables de l'expression d'autres proteines, ou 
meme synthetiques). Notamment, il peut s'agir de sequences issues du genome de la 
cellule que Ton desire infecter, ou du genome du virus utilis6. S f agissant d'adenovirus, 
on peut citer par exemple les promoteurs des genes E1A, MLP, etc. En outre, ces 
sequences d l expression peuvent etre modifiees par addition de sequences d'activation, 

15 de regulation, etc. Par ailleurs, lorsque le gene insere ne comporte pas de sequences 
^expression, il peut etre insere dans le genome du virus defectif en aval d'une telle 
sequence. 

Dans ce qui suit sont decrites plus en detail la construction et l'utilisation 
d'adenovirus recombinants defectifs. D est entendu neanmoins que cette description 
20 peut etre appliquee par l'homme du metier aux autres virus suceptibles d'etre utilises 
dans le cadre de la presente invention, ainsi qu'indiques plus haut. 

Les adenovirus recombinants ■ defectifs peuvent etre prepares par 
recombinaison homologue entre un adenovirus et un plasmide portant entre autre le 
gene que Ton desire inserer. La recombinaison homologue se produit apres co- 

25 transfection desdits adenovirus et plasmide dans une lignee celluWre appropriee. La 
lignee cellulaire utilisee doit de preference (i) etre transformable par lesdits elements, 
et (ii), comporter les sequences capables de complementer la partie du genome de 
l'adenovirus defect^ de preference sous forme integree pour eviter les risques de 
recombinaison. A titre d f exemple de lignee, on peut mentionner la lignee de rein 

30 embryonnaire humain 293 (Graham et al., J. Gen. Virol. 36 (1977) 59) qui contient 
notamment, integree dans son genome, la partie gauche du genome d f un adenovirus 
Ad5 (12%). 
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Ensuite, les vecteurs qui se sont multiplies sont recuperes et purifies selon les 
techniques classiques de biologie moleculaire. 

La presente invention concerne egalement une composition pharmaceutique 
comprenant une quantite suffisante de virus recombinant defectif tel que decrit 
5 pr&edemment, sous une forme adaptee a un usage oculaire. 

En particulier, le virus recombinant defectif peut etre sous forme de solution 
injectable, de collyre, de pommade ophtalmique, etc. Les vehicules pharmaceuti- 
quement acceptables pour de telles formulations adaptees k un usage oculaire sont 
notamment des solutions salines (phosphate monosodique, disodique, clrorure de 
10 sodium, potassium, calcium ou magnesium, etc, ou des melanges de tels sels), la 
vaseline, l'huile de vaseline, etc. 

Dans Ie cas de collyres ou de pommades ophtalmiques, il est entendu que les 
applications therapeutiques peuvent etre plus Iimitees en raison d'une diffusion plus 
faible du virus recombinant defectif. 

15 Dans leur utilisation pour le traitement des pathologies oculaires, les virus 

recombinants defectifs selon Tinvention peuvent etre administres selon differents 
modes, et notamment par injection sousretinale, eventuellement precedee d'une 
vitrectomie, ou par injection intravitreuse, simples ou multiples (voir figure 1). 
L'injection sous-retinale peut etre realisee selectivement dans differents compartiments 

20 de l'oeil, et notamment, l'injection peut etre realisee au niveau du vitre, de la chambre 
anterieure ou de l'espace retrobulbaire. Les resultats presentes dans la presente 
demande montrent que ces differents modes d'injection permettent d f infecter de 
maniere ciblee les differents tissus de Toeil, et notamment, Tendothelium corneen, les 
cellules photoreceptrices, les cellules bipolaires, les cellules ganglionaires ou encore les 

25 cellules des muscles oculomoteurs. 

Les doses de virus utilisees pour l'injection peuvent etre adaptees en fonction 
de differents parametres, et notamment en fonction du mode d'administration utilise, 
de la pathologie concernee, du gene a exprimer, ou encore de la duree du traitement 
recherchee. D'une maniere generate, les adenovirus recombinants selon l'invention sont • 
30 formules et administres sous forme de doses comprises entre 10 4 et 10 14 pfu/ml, et de 
preference 10 6 a 10 10 pfu/ml. Le terme pfu ("plaque forming unit") correspond au 
pouvoir infectieux d'une solution de virus, et est determine par infection d'une culture 
cellulaire appropriee, et mesure, generalement apres 48 heures, du nombre de plages 
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de cellules infectees. Les techniques de determination du titre pfu d f une solution virale 
sont bien documentees dans la litterature. 

Compte tenu de la stabilite d'expression du gene insure dans la cellule cible, la 
presente invention devrait pennettre de traiter la majorite des pathologies oculaires 
5 avec peu d'injections. 

La presente invention offre ainsi un moyen tres efficace pour le traitement des 
pathologies oculaires, et notamment celles dont les mecanismes ont ete elucides au 
niveau moleculaire. En particulier, i'implication de genes a ete d&nontr6e dans 
ratrophie gyree, dans la maladie de Nome (Hum. Mol. Genet. 1(7) (1992) 461), dans 

10 la d<5g&ierescence retinienne (Bowes et al., PNAS 86 (1989) 9722), dans la maladie de 
Leber, dans les choroYdermies (Cremers et al., Nature 347 (1990) 674), dans la 
degenerescence des cellules photoreceptrices, dans les retinites pigmentaires, dans 
l'albinisme, dans le syndrome Kearns-Sayre (Shoffiier et al., PNAS 86 (1989) 7952), 
etc. La presente invention est egalement pour le traitement des alterations de la cornee 

15 acquises r6sultant de maladies inflammatoires, des atteintes retiniennes post- 
inflammatoires, etc. 

La presente invention rend egalement possible la therapie par les proteines ou 
peptides, dont l'utilisation par les voies classiques d'administration est tres 
hypothetique en raison de leur forte sensibilite aux mecanismes de degradation et 
20 d'elimination de Torganisme, et des problemes lies a la penetration dans les cellules. 
L'emploi de virus selon Knvention permet d'exprimer directement a l'interieur de la 
population de cellules ciblees le polypeptide ou la proteine desiree, qui rfest done plus 
accessible aux mecanismes mentionnes ci-avant. 

L'ensemble des resultats presentes dans la presente demande demontre plus 
25 particulierement que les adenovirus recombinants, defectifs pour la replication, 
constituent des vecteurs particulierement interessants pour le transfert de genes in vivo 
dans les cellules oculaires. Les experiences realisees montrent la possibility d ! une 
expression stable a long-terme de genes dans ces cellules. En particulier, une 
expression stable est observee 50 jours apres Tinjection. De plus, le spectre 
30 d'expression large dans les differentes cellules oculaires constitue egalement un resultat 
particulierement interessant dans la mesure ou pratiquement toutes les maladies de la 
retine (notamment la retinitis pigmentosa) affectent une grande surface de la retine. 
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En outre, ce traitement peut concerner aussi bien Hiomme que tout animal tel 
que les ovins, les bovins, Ies animaux domestiques (chiens, chats, etc), les chevaux, les 
poissons, etc. 

La presente invention est plus completement decrite a Faide des exemples qui 
5 suivent, qui doivent etre consideres comme illustratifs et non limitatifs. 

Legende des figures 

Figure 1 : Representation schematique de l'beil. C = cornee; AC = Chambre anterieure; 
L = cristallin; V = vitre; I = iris; ON = nerf optique; R = espace retrobulbaire. 

Construction d y un a denovirus recombinant defectif (Ad.RSVBGaD : 

10 La procedure generale pennettant la preparation des adenovirus recombinants 

a et6 decrite dans la partie generale de la description. 

L'adenovirus Ad.RSV|3GaI est un adenovirus recombinant defectif (delate des 

regions El et E3 ) obtenu par recombinaison homologue in vivo entre l'adenovirus 

mutant Ad-dl324 (Thimmappaya et al., Cell 31 (1982) 543) et le plasmide 
15 P Ad.RSV|3GaI (AWi et al. 1993). 

Le plasmide pAdJRSVpGal contient, dans Indentation 5'->3 ! , 

- le fragment PvuH correspondant a Textremite gauche de l'adenovirus Ad5 
comprenant : la sequence ITR, l'origine de replication, les signaux d'encapsidation et 
Tamplificateur El A; 

20 - le gene codant pour la |3-galactosidase sous le controle du promoteur RS V 

(du virus du sarcome de Rous), 

- un second fragment du g&iome de Tadenovirus Ad5, qui permet la 
recombinaison homologue entre le plasmide pAd.RSV(3Gal et l'adenovirus dl324. 

Apres linearisation par l'enzyme Clal, le plasmide pAd.RSVpGal et 
25 Tadenovirus dl324 sont co-transfectes dans la lignee 293 en presence de phosphate de 
calcium pour permettre la recombinaison homologue. Les adenovirus recombinants 
ainsi gen&es sont selectionnes par purification sur plaque. Apres isolement, l'ADN de 
Tadenovirus recombinant est amplifie dans la lignee cellulaire 293, ce qui conduit a un 
surnageant de culture contenant l'adenovirus defectif recombinant non purifie ayant un 
30 titre d'environ 10 10 pfii/ml. 
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Les particules virales sont generalement purifiees par centrifugation sur 
gradient de chlorure de cesium selon les techniques connues (voir notamment Graham 
et al., Virology 52 (1973) 456). L'adenovirus Ad.RSV|3Gal est conserve a -80°C dans 
20 % de glycerol. Avant injection, la suspension d'adenovirus est diluee au tiers dans 
5 un tampon phosphate PBS. 

Injection in vivo 

-Protocol 

Des souris C57BI/6 de 3 & 7 semaines ont ete anesthesiees avec de Tavertine. 
Dans chaque oeil a ensuite ete injecte 10 7 a 10 8 pfii d'adenovirus recombinant 

10 Ad.RS V(3Qal, soit au niveau de la chambre anterieure, soit au niveau du vitre, soit au 
niveau de Tespace retrobulbaire (voir figure 1). Les animaux ont et6 sacrifi^s 7 a 50 
jours apres Tinjection par dislocation cervicale et les yeux ont et6 recuperes et fixes 
dans Pazote liquide. Des sections sagitales et coronales (10-15 pm) sont realisees sur 
ciyostat, puis colorees en presence de X-gal pour reveler l'activite [3-galactosidase qui 

15 peut etre visualisee par Tapparition d'une coloration bleue dans le noyau des cellules 
infectees, et contre-color&s avec de l'hemoto^line et de Teosine. 

- Injection au niveau de la chambre anterieure 

Apres injection de 10 8 pfii d'adenovirus Ad.RS VpGal au niveau de Tespace 
de la chambre anterieure, seules les cellules de la couche endothelial expriment 
20 l'activite (3-galactosidase. En revanche, les cellules epitheliales ou du stroma ne 
pr&entent aucune coloration a la suite d'une telle injection. De plus, les cellules 
marquees (infectees) sont distributes regulierement dans la couche endothelial, quel 
que soit le temps d'administration. Ce resultat montre que la presente invention permet 
de transferer et d'exprimer un gene dans les cellules endothelials de l'oeil. 

25 - Injections intravitreuses 

Des injections intravitreuses ont egalement ete realisees, dans le but d'infecter . 
differents types de cellules de la retine. Contrairement a la distribution uniforme dans 
les cellules endothelials apres injection au niveau de l'espace chambre anterieure, la 
distribution des cellules positives (infectees) apres injection intravitreuse est limitee a 
30 I'hemiretine correspondant au point d'injection. La taille importante du cristallin et les 
caracteristiques de viscosite de l'humeur vitree pourraient expliquer cette expression 
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confin6e. Cependant, lorsque des injections temporales et nasales sont effectuees 
simultanement, les cellules des 2 hemir&ines sont infectees. Ces resultats montrent 
done qu ! il est possible de transferer et d'exprimer un gene au niveau de la retine. lis 
montrent egalement que, selon la pathologie a traiter, et notamment selon sa 
5 distribution sur la retine, il est possible de cibler le transfert sur une hemiretine 
seulement 

Trois couches nucleaires, correspondant aux cellules ganglionaires, bipolaires 
et photor&eptrices pr6sentent egalement une coloration intense a trois semaines (age k 
partir duquel le developpement de la retine est termine), ainsi que chez les souris 

10 adulte. Malgre la presence du signal permettant la localisation nucleaire de la proteine 
LacZ, le marquage (et done Tinfection) de certaines cellules au niveau du site 
^injection est si intense que la coloration diffuse dans le cytoplasme. Pour cette raison, 
le couche de fibre nerveuse correspondant aux axones des noyaux marques (qui 
convergent pour former le nerf optique) est marquee de maniere homogene. 

15 Une analyse fine des differentes couches de cellules retiniennes ne fait 

apparaitre aucune dimmution significative de leur epaisseur. De plus, la tete du nerf 
optique n'est pas alteree, meme a des doses elevees d'adenovirus (10 7 pfu). 

- Injection au niveau de Tespace retrobulbaire 

Pour evaluer la possibilite d'une diffusion du virus a travers la sclera, des 
20 souris ont ete injectees au niveau de Tespace retrobulbaire. Contrmrement a la 
coloration retinienne, environ 100 % des fibres des 4 muscles oculomoteurs ont ete 
infectees et expriment l'activite (3-galactosidase. 

Uensemble de ces resultats demontre clairement que les adenovirus 
recombinants, defectifs pour la replication, constituent des vecteurs particulierement 
25 interessants pour le transfert de genes in vivo dans les cellules oculaires. 
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RRVENDTCATIONS 

1. Utilisation d'un virus recombinant defectif contenant un gene insere pour la 
preparation d'une composition pharmaceutique destinee au traitement des pathologies 
oculaires. 

5 2. Utilisation selon la revendication 1 caracterisee en ce que le virus 

recombinant defectif est depourvu des regions de son genome qui sont necessaires a sa 
replication dans la cellule infectee. 

3. Utilisation selon les revendications 1 ou 2 caracterisee en ce que le virus 
recombinant defectif est un adenovirus. 

10 4. Utilisation selon la revendication 3 caracterisee en ce que Padenovirus 

recombinant defectif est un adenovirus de type Ad 5. 

5. Utilisation selon Tune des revendications 1 a 4 caracterisee en ce que le 
gene insere comprend des sequences permettant son expression dans la cellule 
infectee. 

15 6. Utilisation selon Tune des revendications 1 a 5 caracterisee en ce que le 

gene insere code pour une proteine ou un fragment de proteine. 

7. Utilisation selon Tune des revendications 1 a 5 caracterisee en ce que le 
gene insere est une sequence antisens. 

8. Utilisation selon la revendication 1 pour la preparation d f une composition 
20 pharmaceutique destinee au traitement des pathologies hereditaires telles que les 

retinites pigmentaires. 

9. Composition pharmaceutique comprenant une quantite suffisante de virus 
recombinant defectif selon la revendication 1, sous une forme adaptee a un usage 
oculaire. 

25 10. Composition pharmaceutique selon la revendication 9 caracterisee en ce 

qu'elle comprend une quantite suffisante de virus recombinant defectif dans une forme 
injectable adaptee & un usage oculaire. 
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11. Composition pharmaceutique selon la revendication 9 caracterisee en ce 
qu'elle comprend une quantite suflBsante de virus recombinant defectif sous une forme 
de collyre ou de pommade ophtalmique adaptes a un usage oculaire. 

12. Composition pharmaceutique selon Tune des revendications 9 a 11 
caracterisee en ce que le virus recombinant defectif est un adenovirus recombinant 
defectif 

13. Composition pharmaceutique selon la revendication 12 caracterisee en ce 
qu'elle comprend entre 10 4 et 10 14 pfu/ml, et de preference 10 6 a 10 10 pfu/ml 
d'adenovirus recombinant defectif. 
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ADENOVIRUS RECOMBINANTS ET LEUR UTILISATION EN THERAPIE GENIQUE 
POUR LE TRAITEMENT DES PATHOLOGIES OCULAIRES 

La presente invention concerne de nouveaux virus recombinants, leur 
preparation et leur utilisation en therapie genique, pour le transfert et Texpression de 
5 genes au niveau de l'oeil. Elle concerne egalement des compositions pharmaceutiques 
comprenant lesdits virus recombinants. Plus particulidrement, la presente invention 
concerne des virus recombinants defectifs et leur utilisation pour le traitement de 
pathologies oculaires. 

Le traitement des pathologies oculaires, et notamment des maladies 
10 hereditaires constitue un probleme non resolu actuellement. Parmi ces pathologies, on 
peut citer par exemple les retinites pigmentaires, qui resultent ^alterations genetiques, 
et pour lesquelles aucun traitement n'est actuellement disponible. Par ailleurs, les 
pathologies non hereditaires telles que les atteintes post-inflanimatoires 
(degenerescence retinienne, etc) ne disposent pas non plus aujounfhui de traitement 
15 adapte. En particulier, si Ton tente d'agir preventivement, notamment au moyen de 
corticoides, on ne dispose actuellement d'aucun moyen satisfaisant pour traiter ces 
atteintes. 

II est done important de pouvoir disposer d'outils permettant un traitement 
specifique, efficace et localise des pathologies oculaires. La presente invention apporte 
20 une solution avantageuse a ce probleme, en demontrant la possibility de traiter les 
pathologies oculaires par la therapie genique. 

La therapie genique consiste a corriger une deficience ou une anormalite 
(mutation, expression aberrante, etc) par introduction d'une information genetique 
dans la cellule ou 1'organe affecte. Cette information genetique peut etre introduite soit 

25 in vitro dans une cellule extraite de Torgane, la cellule modifiee etant alors reintroduce 
dans l'organisme, soit directement in vivo dans le tissu approprie. Dans ce second cas, 
differentes techniques existent, parmi lesquelles des techniques diverses de transfection 
impliquant des complexes d'ADN et de DEAE-dextran (Pagano et al., J.ViroL 1 
(1967) 891), d'ADN et de proteines nucleaires (Kaneda et al. t Science 243 (1989) 

30 375), d'ADN et de lipides (Feigner et at. PNAS 84 (1987) 7413), Temploi de 
.liposomes (Fraley et al., J.Biol.Chem. 255 (1980) 10431), etc. Plus recemment, 
l'emploi de virus comme vecteurs pour le transfert de genes est apparu comme une 
alternative prometteuse a ces techniques physiques de transfection. A cet egard, 
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differents vims ont 6t6 testes pour leur capacite a infecter certaines populations 
cellulaires. En particulier, les retrovirus (RSV, HMS, MMS. etc), le virus HSV, les 
virus adeno-associes, et les adenovirus. 

Toutefois, jusqu'a present, aucun de ces vecteurs n'a ete utilise ni decrit 
5 comme utilisable pour le transfert de genes au niveau de l'oeil. La presente invention 
constitue la premiere demonstration qu'il est possible de traiter les pathologies 
oculaires par la therapie genique. 

Un premier objet de 1'invention reside dans l'utilisation d'un virus recombinant 
defectif contenant un gene insere pour la preparation d'une composition 
10 pharmaceutique destinee au traitement des pathologies oculaires. 

Plus particulierement, on utilise selon la presente invention des virus 
recombinants defectifs derives de virus capables d'infecter et d'exprimer un gene insere 
dans les cellules de l'oeil, sans entrainer des phenomenes cytopathologiques ou d'effets 
pathogenes. Des virus susceptibles d'etre utilises dans 1'invention sont par exemple les 

15 adenovirus, les virus adeno-associes ou encore le virus HSV. 

La presente invention repose plus particulierement sur la mise en evidence 
que les virus de type adenovirus sont capables de transferer et d'exprimer des gdnes 
desires au niveau de 1'oeiL Les exemples presentes plus loin montrent que les 
adenovirus sont capables, selon le mode d'administration, de transferer efficacement, 

20 pour une duree importante et sans effet cytopathologique, des genes dans 
1'endothelium corneen, dans les cellules photoreceptrices, dans les cellules du netf 
optique, dans les cellules bipolaires, etc. Par ailleurs, compte tenu de l'acces 
relativemant aise aux differents compartiments de Toeil par la microchinirgie 
(microinjection), ainsi que de l'existence de barrieres naturelles dans cet organe 

25 (membrane de Descemet, membrane de Bruch, cristallin, etc) la presente invention 
permet avantageusement d'effectuer un transfert de genes tres cibl6, en fonction de la 
pathologie a traiter. Les resultats presentes montrent Sgalement que l'expression d'un 
gene desire est stable sur une longue periode (aucune perte d'activite a 50 jours). 

Dans un mode de realisation prefere, Tinvention reside dans l'utilisation d'tui 
30 adenovirus recombinant defectif contenant un gene insert pour la preparation d'une 
composition pharmaceutique destinee au traitement des pathologies oculaires. 

Le terme "virus ou adenovirus defectif" designe un virus incapable de se 
repliquer de fagon autonome dans la cellule cible. Generalement, le genome des virus 
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def ectifs utilises dans le cadre de la presente invention est done depourvu au moins des 
sequences necessaires a la replication dudit virus dans la cellule infectee. Ces regions 
peuvent etre soit eliminees (en tout ou en partie), soit rendues non-fonctionnelles, soit 
substitutes par d'autres sequences et notamment par le gene insert. Preferentiellement, 
5 le virus defectif conserve neanmoins les sequences de son genome qui sont necessaires 
a Tencapsidation des particules virales. 

S'agissant plus particulierement des adenovirus, il en existe differents 
serotypes, dont la structure et les proprietes varient quelque peu. Neanmoins, ces virus 
ne sont pas pathogenes pour 1'homme, et notamment les sujets non immuno-deprimes. 

10 Parmi ces serotypes, on prefere utiliser dans le cadre de la prfesente invention les 
adenovirus de type 2 ou 5 (Ad 2 ou Ad 5). Dans le cas des adenovirus Ad 5, les 
sequences necessaires a la replication sont les regions El A et E1B. 

Des virus recombinants defectifs derives de retrovirus, de virus adeno- 
associes ou du virus HSV (herpes simplex virus) ont deja ete decrits dans la litterature 

15 [Roemer e t Friedmann, Eur. J. Biochem. 208 (1992) 211 ; Dobson et al., Neuron 5 
(1990) 353 ; Chiocca et al., New Biol. 2 (1990) 739 ; Miyanohara et al., New Biol. 4 
(1992) 238; WO91/18088]. 

Au sens de la presente invention, le terme "gene insere" designe toute 
sequence d'ADN introduite dans le virus recombinant, dont 1'expression dans la cellule 

20 cible est recherchee. 

II peut s'agir en particulier d'un (ou plusieurs) gene(s) de structure codant 
pour une (des) proteine(s) ou pour une partie d'une (de) proteine(s). La proteine ou 
partie de proteine ainsi codee peut etre une proteine homologue vis-a-vis de la cellule 
cible (e'est-a-dire une proteine qui est normalement exprimee dans la cellule cible 

25 lorsque celle-ci ne presente aucune pathologie), ou une proteine heterologue vis-a-vis 
de ladite cellule. Dans le premier cas, 1'expression de la proteine permet par exemple 
de pallier une expression insuffisante dans la cellule ou Texpression d'une proteine 
inactive ou faiblement active en raison d'une modification, ou encore de surexprimer 
ladite proteine. Dans le second cas, la proteine exprimee peut par exemple completer 

30 ou apporter une activite deficiente dans la cellule lui permettant de hitter contre une 
pathologie. 

Parmi les genes inseres au sens de la presente invention, on peut titer plus 
particulierement : 

- les genes impliques dans des pathologies genetiques oculaires, 
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- les genes codant pour des facteurs de croissance, des cytokines ou des 
neurotrophines : Le role protecteur ou curatif du produit d'expression de ces genes 
dans differentes pathologies oculaires a ete demontre, et notamment sur la 
deterioration des cellules photoreceptrices sous l'effet de la lumiere (Lavail et al., 

5 PNAS 89 (1992) 11249). 

- les genes de facteurs de regulation (facteurs de transcription, facteurs de 
traduction), 

- les genes codant pour des enzymes, 

- les genes codant pour des proteines ayant des proprietes anticancereuses, 
10 telles que les interferons, les facteurs de necrose des tumeurs, etc, ou encore, 

- les genes codant pour des antigenes permettant une vaccination (une 
protection) locale contre une infection de l'oeil. 

A titre d'exemples specifiques, mais non limitatifs, on peut citer : 

. le gene de l'ornithine aminotransferase implique dans Tatrophie gyree (Akaki 
15 et al, J. Biol. Chem. 267(18) (1992) 12950), 

. le gene de la rhodopsine, implique dans une forme de r&inite pigmentaire 
(Diyja et al., Nature 343 (1990) 364), 

. le gene de la peripherine RDS, implique dans une forme de retinite 
pigmentaire (Farrar et al., Nature 354 (1991) 478), 
20 . le gene de la tyrosinase, implique dans l'albinisme oculocutanee type Bl 

(Giebel et al., Am. J. Hum. Genet. 48 (1991) 1159), 

. le gene mitochondrial NDI, implique dans la maladie de Leber (Howell et 
al., Am. J. Hum. Genet. 48 (1991) 935), 

. le gene de la sous-unite (5 de la cGMP phosphodiesterase, qui permet de 
25 ralentir la degenerescence retinienne (Lem et aL, PNAS 89 (1992) 4422), 

, le gene de la rab geranylgeranyl transferase, dont la deficience semble liee a 
une degenerescence retinienne lors de choroidermies (Seabra et al., Science 259 
(1993) 377), 

. le gene du facteur de croissance des fibroblastes basique (bFGF), capable de 
30 retarder la degenerescence des cellules photoreceptrices observee dans certaines 
dystrophies retiniennes hereditaires (Faktorovich et al, Nature 347 (1990) 83), 

. le gene de l'interleukine-8, qui permet d'induire une neovascularisation dans 
la cornee (Strieter et al., Am. J. Pathol. 141(6) (1992) 1279). 
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Le terme "gdne insere" designe egalement des sequences antisens, dont 
l'expression dans la cellule cible permet de controler l'expression de genes ou la 
transcription d'ARNm cellulaires. De telles sequences peuvent par exemple etre 
transcrites, dans la cellule cible, en ARN complementaires d'ARNrn cellulaires et 
5 bloquer ainsi leur traduction en proteine. 

Generalement, le gene insere comprend egalement des sequences permettant 
son expression dans la cellule infectee. II peut s'agir des sequences qui sont 
naturellement responsables de l'expression dudit gene lorsque ces sequences sont 
susceptibles de fonctionner dans la cellule infectee. II peut egalement s'agir de 

10 sequences d'origine differente (responsables de l'expression d'autres proteines, ou 
meme synthetiques). Notamment, il peut s'agir de sequences issues du genome de la 
cellule que Ton desire infecter, ou du genome du virus utilise. S'agissant d'adenovirus, 
on peut citer par exemple les promoteurs des genes E1A, MLP, etc. En outre, ces 
sequences d'expression peuvent etre modifiees par addition de sequences d'activation, 

15 de regulation, etc. Par ailleurs, lorsque le gene insere ne comporte pas de sequences 
d'expression, il peut etre insure dans le genome du virus defectif en aval d'une telle 
sequence. 

Dans ce qui suit sont decrites plus en detail la construction et l'utilisation 
d'adenovirus recombinants defectifs. II est entendu neanmoins que cette description 
20 peut etre appliquee par Thomme du metier aux autres virus suceptibles d'etre utilises 
dans le cadre de la presente invention, ainsi qu'indiques plus haut 

Les adenovirus recombinants defectifs peuvent etre prepares par 
recombinaison homologue entre un adenovirus et un plasmide portant entre autre le 
gene que Ton desire inserer. La recombinaison homologue se produit apres co- 

25 transfection desdits adenovirus et plasmide dans une lignee cellulaire appropriee. La 
lignee cellulaire utilisee doit de preference (i) etre transformable par lesdits elements, 
et (ii), comporter les sequences capables de complementer la partie du genome de 
l'adenovirus defectif, de preference sous forme integree pour eviter les risques de 
recombinaison. A titre d'exemple de lignee, on peut mentionner la lignSe de rein 

30 embryonnaire humain 293 (Graham et al., J. Gen. Virol. 36 (1977) 59) qui contient 
notamment, integree dans son genome, la partie gauche du genome d'un adenovirus 
Ad5(12%). 
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Ensuite, les vecteurs qui se sont multiplies sont recuperes et purifies selon les 
techniques classiques de biologie moleculaire. 

La presente invention concerne egalement une composition pharmaceutique 
comprenant une quantite suffisante de vims recombinant defectif tel que decrit 
5 precedemment, sous une forme adaptee a un usage oculaire. 

En particulier, le virus recombinant defectif peut etre sous forme de solution 
injectable, de collyre, de pommade ophtalmique, etc. Les vehicules pharmaceuti- 
quement acceptables pour de telles formulations adaptees a un usage oculaire sont 
notamment des solutions salines (phosphate monosodique, disodique, clrorure de 
10 sodium, potassium, calcium ou magnesium, etc, ou des melanges de tels sels), la 
vaseline, l'huile de vaseline, etc. 

Dans le cas de collyres ou de pommades ophtalmiques, il est entendu que les 
applications therapeutiques peuvent etre plus limitees en raison d'une diffusion plus 
faible du virus recombinant defectif. 

15 Dans leur utilisation pour le traitement des pathologies oculaires, les virus 

recombinants defectifs selon l'invention peuvent etre administres selon differents 
modes, et notamment par injection sousretinale, eventuellement precedee d'une 
vitrectomie, ou par injection intravitreuse, simples ou multiples (voir figure 1). 
L'injection sous-retinale peut etre realisee selectivement dans differents compartiments 

20 de I'oeil, et notamment, l'injection peut etre realis6e au niveau du vitre, de la chambre 
anterieure ou de l'espace retrobulbaire. Les resultats presentes dans la presente 
demande montrent que ces differents modes d'injection permettent d'infecter de 
maniere ciblee les differents tissus de 1'oeil, et notamment, Tendothelium corneen, les 
cellules photoreceptrices, les cellules bipolaires, les cellules ganglionaires ou encore les 

25 cellules des muscles oculomoteurs. 

Les doses de virus utilisees pour l'injection peuvent etre adaptees en fonction 
de differents parametres, et notamment en fonction du mode d'administration utilise, 
de la pathologie concernee, du gene a exprimer, ou encore de la duree du traitement 
recherchee. D'une maniere generale, les adenovirus recombinants selon l'invention sont 
30 formules et administres sous forme de doses comprises entre 10 4 et 10 14 pfu/ml, et de 
preference 10 6 a 10 10 pfu/ml. Le terme pfu ("plaque forming unit") correspond au 
pouvoir infectieux d'une solution de virus, et est determine par infection d'une culture 
cellulaire appropriee, et mesure, generalement apres 48 heures, du nombre de plages 
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de cellules infectees. Les techniques de determination du titre pfu d'une solution virale 
sont bien documentees dans la litterature. 

Compte tenu de la stabilite d'expression du gene insere dans la cellule cible, la 
presente invention devrait permettre de traiter la majorite des pathologies oculaires 
5 avec peu d'injections. 

La presente invention offre ainsi un moyen tres eff icace pour le traitement des 
pathologies oculaires, et notamment celles dont les mecanismes ont ete elucides au 
niveau moleculaire. En particulier, 1'irnplicatjon de genes a ete demontree dans 
l'atrophie gyree, dans la maladie de Nome (Hum. Mol. Genet. 1(7) (1992) 461), dans 

10 la degenerescence retinienne (Bowes et al., PNAS 86 (1989) 9722), dans la maladie de 
Leber, dans les choroTdermies (Cremers et al., Nature 347 (1990) 674). dans la 
degenerescence des cellules photoreceptrices, dans les retinites pigmentaires, dans 
l'albinisme, dans le syndrome Kearns-Sayre (Shoffner et al., PNAS 86 (1989) 7952), 
etc. La presente invention est egalement pour le traitement des alterations de la comee 

15 acquises resultant de maladies inflammatoires, des atteintes retiniennes post- 
inflammatoires, etc. 

La presente invention rend egalement possible la therapie par les proteines ou 
peptides, dont lHitilisation par les voies classiques d'administration est tres 
hypothetique en raison de leur forte sensibility aux mecanismes de degradation et 
20 d'elimination de l'organisme, et des problemes lies a la penetration dans les cellules. 
L'emploi de virus selon l'invention permet d'exprimer directement a l'interieur de la 
population de cellules ciblees le polypeptide ou la proteine desiree, qui nest done plus 
accessible aux mecanismes mentionnes ci-avant 

Lensemble des resultats presents dans la presente demande demontre plus 
25 particulierement que les adenovirus recombinants, defectifs pour la replication, 
■ constituent des vecteurs particulierement interessants pour le transfert de genes in vivo 
dans les cellules oculaires. Les experiences realisees montrent la possibilite d'une 
expression stable a long-terme de genes dans ces cellules. En particuUer, une 
expression stable est observee 50 jours apres l'injection. De plus, le spectre 
30 d'expression large dans les differentes cellules oculaires constitue egalement un resultat 
particulierement interessant dans la mesure ou pratiquement toutes les maladies de la 
retine (notamment la retinitis pigmentosa) affectent une grande surface de la retine. 
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En outre, ce traitement peut concerner aussi bien rhomme que tout animal tel 
que les ovins," les bovins, les animaux domestiques (chiens, chats, etc), les chevaux, les 
poissons, etc. 

La presente invention est plus complement decrite a Taide des exemples qui 
5 suivent, qui doivent etre consideres comme illustratifs et non limitatifs. 

Legende des figures 

Fi gure 1 : Representation schematique de l'oeil. C = cornee; AC = Chambre anterieure; 
L = cristallin; V = vitr§; I = iris; ON = nerf optique; R = espace retrobulbaire. 

Construction d'un a denovirus recombinant defectif (Ad.RSVBGal) ; 

10 La procedure generale permettant la preparation des adenovirus recombinants 

a ete decrite dans la partie generale de la description. 

L'adenovirus Ad.RSV|3Gal est un adenovirus recombinant defectif (delete des 

regions El et E3 ) obtenu par recombinaison homologue in vivo entre l'adenovirus 

mutant Ad-dl324 (Thimmappaya et al, Cell 31 (1982) 543) et le plasmide 
15 pAd.RSVpGal (Akli et al. 1993). 

Le plasmide pAd.RSV(3Gal contient, dans Forientation 5'->3\ 

- le fragment PvuII correspondant a l'extremite gauche de Tadenovirus Ad5 
comprenant : la sequence ITR, Torigine de replication, les signaux d'encapsidation et 
Tamplificateur El A; 

20 - le gene codant pour la (3-galactosidase sous le controle du promoteur RSV 

(du virus du sarcome de Rous), 

- un second fragment du genome de l'adenovirus Ad5, qui permet la 
recombinaison homologue entre le plasmide pAd.RSV(3Gal et Tadenovirus dl324. 

Apres linearisation par Tenzyme Clal, le plasmide pA&RSVf3Gal et 
25 l'adenovirus dl324 sont co-transfectes dans la lignee 293 en presence de phosphate de 
calcium pour permettre la recombinaison homologue. Les adenovirus recombinants 
ainsi generes sont selectionnes par purification sur plaque. Apres isolement, l'ADN de 
Tadenovirus recombinant est amplifie dans la lignee ceilulaire 293, ce qui conduit a un 
surnageant (le culture contenant l'adenovirus defectif recombinant non purifie ayant un 
30 titre d'environ 10 10 pfu/ml. 
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Les particules virales sont g&ieralement purifiees par centrifugation sur 
gradient de chlorure de cesium selon les techniques connues (voir notamment Graham 
et al. f Virology 52 (1973) 456). L'ad&iovirus Ad.RSVfJGal est conserve a -80°C dans 
20 % de glycerol. Avant injection, la suspension d'adenovirus est diluee au tiers dans 
5 un tampon phosphate PBS. 

Injection in vivo 

- Protocol e 

Des souris C57B1/6 de 3 a 7 semaines ont ete anesthesiees avec de Tavertine. 
Dans chaque oeil a ensuite et6 injects 10 7 a 10 8 pfu d'adenovirus recombinant 
Ad.RSVpGal, soit au niveau de la chambre anterieure, soit au niveau du vitre, soit au 
niveau de I'espace retrobulbar (voir figure 1). Les animaux ont ete sacrifies 7 a 50 
jours apres l'injection par dislocation cervicale et les yeux ont ete recuperes et fixes 
dans l'azote liquide. Des sections sagitales et coronales (10-15 Jim) sont realisees sur 
cryostat, puis colorees en presence de X-gal pour reveler l'activite p-galactosidase qui 
peut etre visualisee par I'apparition d'une coloration bleue dans le noyau des cellules 
infectees, et contre-colorees avec de Themotoxyline et de l'eosine. 

■ Injection au niveau de la r hamhne anterieure 

Apres injection de 10 8 pfu d'adenovirus Ad.RSV|3Gal au niveau de Tespace 
de la chambre anterieure, seules les cellules de la couche endotheliale expriment 
20 l'activite (3-galactosidase. En revanche, les cellules epitheliales ou du stroma ne 
presentent aucune coloration a la suite d'une telle injection. De plus, les cellules 
marquees (infectees) sont distributes regulierement dans la couche endotheliale, quel 
que soit le temps d'administration. Ce resultat montre que la presente invention permet 
de transferer et d'exprimer un gene dans les cellules endotheliales de Toeil. 

25 - Injections intravitreuses 

Des injections intravitreuses ont egalement ete realisees, dans le but tfinfecter 
differents types de cellules de la retine. Contrairement a la distribution uniforme dans 
les cellules endotheliales apres injection au niveau de I'espace chambre anterieure, la 
distribution des cellules positives (infectees) apres injection intravitreuse est limitee a 
30 1'hemiretine correspondant au point d'injection. La taille importante du cristallin et les 
caracteristiques de viscosite de l'humeur vitree pourraient expliquer cette expression 
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confinee. Cependant, lorsque des injections temporales et nasales sont effectuees 
simultanement, les cellules des 2 hemiretines sont infect6es. Ces resultats montrent 
done qu'il est possible de transferer et d'exprimer un gene au niveau de la retine. lis 
montrent egalement que, selon la pathologie a traiter, et notamment selon sa 
5 distribution sur la retine, il est possible de cibler le transfert sur une hemiretine 
seulement 

Trois couches nucleates, correspondant aux cellules ganglionaires, bipolaires 
et photoreceptrices presentent egalement une coloration intense a trois semaines (age a 
partir duquel le developpement de la retine est termine), ainsi que chez les souris 

10 adulte. Malgre la presence du signal permettant la localisation nucleaire de la proteine 
LacZ, le marquage (et done l'infection) de certaines cellules au niveau du site 
d'injection est si intense que la coloration diffuse dans le cytoplasme. Pour cette raison, 
le couche de fibre nerveuse correspondant aux axones des noyaux marques (qui 
convergent pour former le nerf optique) est marquee de maniere homogdne. 

15 Une analyse fine des differentes couches de cellules retiniennes ne fait 

apparaitre aucune diminution significative de letir epaisseur. De plus, la tete du nerf 
optique n'est pas alteree, meme a des doses elevees d'adenovirus (10 7 pfu), 

- Injection au niveau de Tespa ce retrobulbaire 

Pour evaluer la possibilite d'une diffusion du virus a travers la sclera, des 
20 souris ont ete injectees au niveau de Tespace retrobulbaire. Contrairement a la 
coloration retinienne, environ 100 % des fibres des 4 muscles oculomoteurs ont ete 
infectees et expriment Tacti^te ^-galactosidase. 

L'ensemble de ,ces resultats demontre clairement que les adenovirus 
recombinants, defectifs pour la replication, constituent des vecteurs particulierement 
25 interessants pour le transfert de genes in vivo dans les cellules oculaires. 
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RRVENDICATIONS 

1. Utilisation d'un adenovirus recombinant defectif contenant un gene insere 
pour la preparation d'une composition pharmaceutique destin§e au traitement des 
pathologies oculaires. 

5 2. Utilisation selon la revendication 1 caracterisee en ce que Tadenovirus 

recombinant defectif est depourvu des regions de son genome qui sont necessaires a 
sa replication dans la cellule infectee. 

3. Utilisation selon les revendications 1 ou 2 caracteris6e en ce que 
Tadenovirus recombinant defectif est un adenovirus de type Ad 2. 

10 4. Utilisation selon la revendication 1 ou 2 caracterisee en ce que 

l'adenovirus recombinant d6fectif est un adenovirus de type Ad 5. 

5. Utilisation selon Tune des revendications 1 a 4 caracterisee en ce que le 
gene insere comprend des sequences permettant son expression dans la cellule 
infectee. 

15 6. Utilisation selon Tune des revendications 1 a 5 caracterisee en ce que le 

gene insere code pour une proteine ou un fragment de proteine. 

7. Utilisation selon Tune des revendications 1 a 5 caracterisee en ce que le 
gene insere est une sequence antisens. 

8. Utilisation selon la revendication 1 pour la preparation d'une composition 
20 pharmaceutique destinee au traitement des pathologies hereditaires telles que les 

retinites pigmentaires. 

9. Composition pharmaceutique comprenant une quantite suffisante 
d'adenovirus recombinant defectif selon la revendication 1, sous une forme adaptee a 
un usage oculaire. 

25 10. Composition pharmaceutique selon la revendication 9 caracterisee en ce 

qu'elle comprend tine quantite suffisante d'adenovirus recombinant defectif dans une 
forme injectable adaptee a un usage oculaire. 
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11. Composition pharmaceutique seion la revendication 9 caracterisee en ce 
qu'elle comprend une quantite suffisante d'adenovirus recombinant defectif sons une 
forme de collyre ou de pommade ophtalmique adaptes a un usage oculaire* 

12. Composition pharmaceutique selon Tune des revendications 9 k 11 
5 caracterisee en ce que l'adenovirus recombinant defectif est un adenovirus 

recombinant defectif de type Ad2 ou Ad5. 



13. Composition pharmaceutique selon la revendication 12 caracterisee en ce 
qu'elle comprend entre 10 4 et 10 14 pfu/ml, et de preference 10 6 a 10 10 pfu/ml 
d'adenovirus recombinant defectif. 
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